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This study systematically investigated the structural features (backbone 
folding and planar conformation, self-assembly and 1D columnar stacking) of 
H-bonded fivefold-symmetric macrocyclic aromatic pentamers. Furthermore, the 
material property and application of those macrocyclic pentamers has been 
studied including 2D packing, organic solvent gelation, cation recognition and 
cation or ion-pair induced nanofiber formation. 
  In chapter 2, a C5-symmetric fluoropentamer has been designed and 
synthesized based on intramolecular H-bond. The crescent backbones and 
intramolecular H-bonds of oligomers with repeating units were confirmed by 
X-ray diffraction analysis of single crystal and 1H NMR. The 2D packing of this 
fivefold pentamer was examined by X-ray diffraction analysis of its single cystal. 
The results 1) prove, for the very first time, that pentagons are experimentally 
compatible with the crystal lattice, and can pack highly densely and 
crystallographically; 2) confirm that the mathematically sketched densest 2D 
packing by pentagons indeed can have an experimentally verifiable 2D packing 
density of as high as 0.921. The driving forces responsible for the formation of 
the ordered 2D pentagon lattice was investigated by theoretical calculation at the 
B3LYP/6-31G(d,p) level, which reveals that 2D pentagonal lattice was stablized 
by intermolecular H-bonding interactions between “sticky” hydrogen and 
oxygen atoms with a bonding energy of -6.82 kcal/mol. 
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  In chapter 3, two planar macrocylic organogelators with high gelling abilities 
in organic solvents such as n-hexane, ethyl acetate, cyclohexane and 1,4-dioxane 
were developed based on the crystallographic observation of the H-bond 
enhanced intermolecular aggregation occurring in the 2D-shaped fluoropentamer 
described in chapter 2. The 1D aggregation of the pentamers in solution was 
studied by temperature-dependent 1H NMR experiment and 
concentration-dependent 1H NMR experiment and UV experiment at different 
temperatures. The gelling mechanism was investigated by SEM, TEM and XRD 
analysis showing that the gelling networks contain 3D entangled nanofibers 
formed from the intercolumnar association of 1D H-aggregates possibly via 
hydrophobic interaction among interpenetrating alkyl side chains. 
  In chapter 4, an entirely new class of cation-binding macrocyclic 
pyridone-based pentamers was developed. The pentamers were prepared by both 
stepwise and BOP-mediated one-pot synthesis method. The crescent backbone 
and planar structure were demonstrated by X-ray diffraction analysis of the 
single crystal of dimer and cyclic pentamer. The strong stacking properties were 
studied by 1H NMR by vary the percentage of DMSO-d6 and measuring 
temperature. The cation-recognition capabilities toward alkali metal ions were 
evaluated by Cram’s picrate extraction method. The cation induced 1D columnar 
stacking was first investigated by Mass-ESI. The further association of cation or 
ion-pair induced 1D aggregates into nanofibers or nanorods of varying shapes 
and sizes was systematically investigated by TEM technology. The ion-paired 
x 
 
induced nanofiber formation mechanism were supported by theoretical 
calculation at B3LYP/6-31G* level under periodic boundary conditions, anion 
exchange experiment and TEM-EDX analysis. The intercolumnar distances 
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The relationship between chemical structures and their properties and 
functions always lies at the heart of chemical research. One key parameter of a 
molecule’s structure is its overall shape: its three-dimensional conformation. 
The biological macromolecules adopt distinct conformation in order to 
express life essential functions such as recognition, enzyme catalysis, 
information storage, duplication and translation using DNA and ribosomes and 
cooperative oxygen transport by hemoglobin. These achievements are based on 
large and complex yet remarkably defined structures, which are obtained 
through the folding of long polymeric chains and a subtle balance of 
noncovalent forces.  
Inspired by the self-organized natural systems chemists are devoted to design 
molecular strands, so-called foldamers, which are capable of adopting 
well-defined folded conformations and able to rival biopolymers in their 
function and application. Foldamers, as defined by Gellman, are oligomers that 
fold into a conformationally ordered state in solution, the structures of which are 
stabilized by a collection of noncovalent interactions among monomer units1. 
Because of their distinct conformational preference, foldamers may have 
2 
 
potential use as novel biomimetic receptors and catalysts2, light and energy 
capturing and storage devices3, delivery and transport systems for synthetic 
drugs and membrane-impermeable biomolecules4, and materials that interface 
with biological tissues5. 
Pioneered by Gellman1 and Seebach6, examples of folded aliphatic β-peptides, 
γ-peptides, δ-peptides, and many other nonnatural backbones were reported7. 
With an increasing number of folding patterns available, the functions and 
applications of synthetic foldamers were investigated in the past few years. The 
investigation by Gellman, DeGrado et al. shows that β-peptides exhibit good 
antibacterial and antimicrobial activity8. Hamilton et al. used aromatic 
oligoamide foldamers to mimic the binding surface of protein helices9.  
Foldamers are composed of small, intelligently programmed monomers, 
which contain the information to form oligomers with distinct three-dimensional 
structures. Their geometries are controlled by a variety of parameters, including 
backbone conformational preferences, solvophoblic, electrostatic and van der 
Waals interactions, metal ion coordination and H-bonding, among which 
H-bonding motif has been proven to be a highly efficient tool in inducing the 
formation of folding patterns due to its directionality and strength10. Figure 1.1 
shows the intramolecular H-bonding patterns(C-O•••H-N, C-F•••H-N, 
N•••H-N and N-O•••H-N) that are typically employed to restrict the rotation of 







































































Figure 1.1. Typical intramolecular H-bonding patters for restricting the roration of the 
Ar-CONHAr bond 
 
1.2 H-bonded Aromatic Macrocycles 
The noncovalent interactions responsible for the foldamer formation could be 
used to construct well preorganized self-templated macrocycles. By taking the 
advantage of intramolecular interactions during the synthetic process, 
macrocycles can be prepared from irreversible reactions in one step, without the 
help of external templates. The highly directed conformational preorganization 
compromises the unfavorable entropy loss in the macrocyclization reactions11. It 
is also well known that the kinetic competition between macrocyclization and 
polymerization is a major problem and chemists often use high-dilution and 
templating techniques to prevent undesirable polymerization reactions. However, 
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dynamic covalent chemistry could provide an attractive synthetic strategy to 
yield thermodynamically favored macrocyclic products. 
In 2002, Böhme12 et al. have developed heterocyclic urea and in excellent 
yields from the reaction of 2,6-diaminopyridine with and 
N,N-carbonyldiimidazole (Figure 1.2). Although two isomers were obtained, 
2D-NOESY NMR revealed that cyclic trimer B is the major compound and 
molecular modeling calculation also confirmed that B was the more 
energetically favored one. The driving force for macrocycle formation is 
intramolecular hydrogen bonding between the pyridyl nitrogen atom and the 
amino hydrogen of the urea. The importance of the pyridyl nitrogen for 
macrocyclization was demonstrated by the fact that when 2,6-diamino pyridine 
was substituted with 1,3-phenylenediamine, oligomeric polyureas were 
exclusively formed.  
 
Figure 1.2. Chemical structure of cyclic trimer A and B. (Reproduced with permission 
from [12]. Copyright 2002 American Chemical Society.) 
 
Macrocycles are commonly synthesized by reactions of bifunctional 
monomers which possess special geometry. In 2004, Huc13 et al. developed a 
planar macrocyclic trimer and a strained tetramer from 
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8-amino-2-quinolinecarboxylic acid which adopts unusual stable helical 
conformation (Figure 1.3). The macrocyles were synthesized by a one pot 
reaction with high yield (20% for each) using triphenyl phosphite as the 
coupling reagent in the presence of N-methyl pyrrolidone and pyridine. 
Interesting, by modifying the exterior sidechain the cationic planar cyclic trimer 
is found to tightly and selectively bind DNA G-quadruplex via intermolecular 
H-bonding, π-π interactions and electrostatic interactions14, demonstrating to be 
an attractive candidate for G-quadruplex stabilizer. 
 
 
Figure 1.3. (1) Chemical structure of cyclic trimer (2). Top and side views of the 
crystal structure of cyclic trimer (Reproduced with permission from [12]. Copyright 
2004 American Chemical Society.) 
 
In 2004, Gong15 et al. reported highly efficient (69% yield), one-step 
macrocyclization reactions by treating 4,6-dimethoxy-1,3- phenylenediamine 
with the appropriate diacid chloride (Fig. 1.4(1)). Three-center H-bonds rigidify 
the backbone and pre-organize the precursor oligomers for macrocyclization. 
The macrocyclic hexamers contain a large (~8Å across), noncollapsible 





could bind hydrated cations through metal-oxygen interatomic interactions. Due 
to the relatively flat oligoamide backbone together with a large aromatic surface 
area, the macrocycles are highly possible to aggregate face to face to form 
nanotubes with a large nanopore. Decorated by membrane-compatible 
sidechains, the macrocyles could form transmembrane cation channels by 
partitioning into a lipid bilayer4 (Figure 1.4(2)). 
 
Figure 1.4. (1) Chemical structure of macrocycles (2) Macrocycles assembling 
anistropically into a tubular structure that acts as a transmembrane channel or pore in 
the hydrophobic environment of a lipd bilayer. (Reproduced with permission from [4]. 
Copyright 2008 American Chemical Society.) 
 
In 2005, Cuccia16 et al. reported another series of one-pot synthesis of 
self-templated macrocycles (Figure 1.5(1)). Starting from 2,7-diamino[1,8]- 
naphthyridine the trimeric urea macrocycle 1 and trimeric formamidine 
macrocycle 2 were prepared in 64% and 75% yield, respectively. Starting from 
pyridazine-3,6-diamine and 2-methylbenzene-1,3-diamine, tetrameric urea 
macrocycle 3 was prepared in 64%. It is believed that both intramolecular 
H-bonding and steric interactions are involved in macrocyclization. STM study 
on the self-assembly properties of 3b shows lamellar structures with alternating 




sidechains, respectively (Figure 1.5(2)). This 2D assembly of 3b allows its 




Figure 1.5. (1) Chemical structure of macrocycles 1, 2 and 3 (2) STM image of 3b 
self-assembly on HOPG from 1,2,4-trichlorobenzene in constant current mode using a 
Pt/Ir tip. (a) Large scan area with step edges and grain boundaries, scale bar is 10 nm. (b) 
Lamellar structure with periodicities of 33 A° (lamellae) and 15 A° (substructure in 
each lamella), respectively. (c) A CPK model of 3b superimposed onto the STM image, 
alkyl chains are omitted for clarity, same conditions as (b), scale bar is 1 nm. 
(Reproduced with permission from [16]. Copyright 2005 Royal Society of Chemistry.) 
 
In 2006, Maclachlan17 et al. reported a hexagon-shaped [6+6] Shiff-base 
macrocycles from the condensation of 3,6-diformyl-2,7- dihydroxynaphthalene 





formation of this macrocycles was rationalized by the stabilization of favorable 
conformations required for cyclization through intramolecular hydrogen bonding. 
Furthermore, because of the low solubility of this product in the reaction solvent, 
there was a thermodynamic driving force for the formation of this macrocycle. 
These giant marocycles possess 6 N2O2 coordination environment, which allows 
them to bind 6 metals at the same time. And the complex demonstrated a boat 
conformation as the minimum energy conformation with the chair conformation 
only ~3kcal/mol higher in energy based on semi-empirical calculation (Figure 
1.6(2) and 1.6(3)).  
    
Figure 1.6. (1) Chemical structure of hexagon-shaped Shiff-base macrocycles (2) 
Calculated structure of macrocycles metallated with 6 Ni2+ ions in view of chair， (3) in 
view of boat. (Reproduced with permission from [15]. Copyright 2006 Royal Society of 
Chemistry.) 
 
In 2008, Zeng18 et al. reported a highly rigid and structurally well-defined 
circular five-fold pentamer (Figure 1.7). The pentamer was first synthesized step 
by step from 2-methoxy-3-nitrobenzoic acid with an overall yield of ~10% and 
further improved with one-pot synthesis method using POCl3 as the coupling 





pentamer 1 revealed that the molecular folds into an almost planar arrangement 
of nearly perfect C5 symmetry in the solid state. It is noteworthy that by omitting 
the methoxy group pentamer 1 possess a cavity of ~1.4Å, which is near the same 
size as K+. Thus, in further work, replacement of methoxy group with hydroxyl 
group opens up the cavity and the new pentamers demonstrated selective and 




Figure 1.7. (1) Chemical structure of macrocylic pentamer 1, Dotted pink line indicated 
H-bonds. (2) topview and (3) sideview of the crystal structure of pentamer 1 with 
methoxy methyl groups are omitted for clarity of view. (Reproduced with permission 
from [6]. Copyright 2008 American Chemical Society.) 
 
In 2009, Li21 et al. prepared monomacrocycles and two-layered capsules by 
using H-bonding to preorganize simple linear aryl amide precursors with near 
quantitative yield through Shiff-base condensation (Figure 1.8(1)). Due to the 
proper cavity and convergently aligned amide oxygen, the macrocycles can 
serve as receptors for aliphatic ammonium ions and the capsule could lead to the 
































Figure 1.8. (1) Chemical structure of Shiff-base macrocycles (2) Chemical structure of 
two-layered capsule (3) The pseudo[3]rotaxane structures of the complexes formed 
between two-layered capsule 1a and 1b. The former complex is less stable but takes 
longer to decompose. (Reproduced with permission from [21]. Copyright 2009 
Wiley-VCH.) 
 
1.3 Aim of the Study 
Within the past two decades there has been considerable progress in the 
synthesis of H-bonded macrocycles with well-defined and highly preorganized 
structure. Another essential development is the investigation of multifaceted 
functions of these structures. The convenient one-pot synthesis and the 
self-assembling capabilities of macrocycles make them promising assembled 
scaffolds for the design of new functionalized architectures, materials and 
organic based nanodevices, such as extended tubular channels, discotic liquid 
crystals and molecular electronics. The hollow molecular structure with tunable 







nanoscale building abiotic blocks based on which nanoporous structures capable 
of eventually mimicking the functions of protein pores and cavities would be 
created. In addition to this, planar and symmetric macrocycles allow chemists to 
investigate the 2D packing of equal regular patterns. Yet, how to properly design 
and synthesize those macrocycles with the described functions still remains a big 
challenge. 
In this regards, the aim of the thesis was to (i) design and synthesize two 
totally new classes of aromatic macrocycles with planar five-fold symmetry and 
easily modifiable outer surfaces and interior cavities, (ii) study the 2D packing 
lattice of the cyclic pentamers in the single crystal which has been only 
speculated by mathmaticians, (iii) investigate the application of the cyclic 
pentamers as novel organogelators and study the gellation mechanism, (iv) 
develop highly efficient one-pot synthesis method, systematically evaluate 
recognition capability of the cyclic pentamers towards alkali metal ions and 
develop scarcely studied cation or ion-pair induced organic nanofibers which are 
promising materials for diverse applications by incorporating metals with unique 
properties. 
 The result of the present study would be of substantial impact on diverse 
field especially foldamers, supramolecular chemistry, fundamental knowledge of 
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Two-dimensional Crystal with the Densest “All 




Two-dimensional periodic and aperiodic tilings have continuously garnered 
great interests from the ancient1 to present times2. Fascinated by the aesthetically 
pleasing fivefold symmetry and pentagon shape that are found abundantly from 
macroscopic brittle stars, morning glories, starfruits, to microscopic 
quasicrystals3, viruse capsids4, simple liquids5, and to nanoscopic fullerenes, 
dodecahedranes, and biological pentamers6, one fundamental curiosity that has 
inspired a long-standing quest with respect to crystallographically forbidden 
fivefold symmetry concerns 2D packing by non-overlapping equal regular 
pentagons, with the prevailing view being that regular pentagons unlikely can 
pack highly densely and crystallographically in the 2D plane, due to their 
incompatibility with the translational symmetry of crystal lattice1, 2e, 4, 7. 
Corresspondingly, all the 32 classical crystallographic point groups8 and 17 





Figure 2.1. Selected examples containing fivefold symmetry or a pentagon shape that 
are found abundantly in the world. 
 
The hitherto obtained experimental observations using pentagon-shaped small 
molecules2a, 2c, 10, proteins11 or macroscopic objects2g, 12 as well as computational 
simulations13, also all pointed to the seemingly impossibility for regular 
pentagons to form a densely packed crystal lattice in a flat 2D space, a palpable 
consequence of the pentagon’s inability to fully tile a 2D plane without leaving 
gaps.  
 
2.1.2 Packing Arrangement Study of Equal Regular 
Pentagons 
In 1995, Duparcmeur12 et al. studied isotropic assembly of styrene pentagons 
of 6mm sidelength and 1 mm thickness on the blowing air table (Figure 2.2). By 
progressive densification and cooling, a crystalline arrangement with 
quasisixfold symmetry in spite of the shape of the gain was obtained. Although 
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single crystal could not be obtained because the basic cell was not isotropic, 
study on the crystalline zone revealed that there was a particular direction a 
along which lines of pentagons with side to vertex neighbourhood were directed. 
This configuration maximized the average number of contacts and the average 
number of side to side contacts. However, these were partial results since defects 
also arose along the lines and the three directions were slightly distorted. 
 
Figure 2.2. Visualization of the limits of the crystalline zones on the blowing air table. 
The thin lines give the direction a in the different zones. (Reproduced with permission 
from [12]. Copyright 1995 IOP Publishing Ltd.) 
 
  In 1995, Tarnai4 et al. studied the equal regular spherical pentagon packing 
based on the observed structures of polyoma/papilloma virus capsid whose 
capsomers are all pentamers. Figure 2.3 is the mathematically sketched packing 
models of 72 equal pentagons on a sphere with icosahedral symmetry. The 
packing of the capsid of polyomaviruses corresponds to Figure 2.3(2)14. 
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However, it does not result in a maximum packing density, nor even in a local 
maximum. The two locally densest packing was found in the arrangement of 
pentamers of papillomaviruses at two different radii15 showing that the 
papillomaviruses give locally optimal solutions to the densest packing problem 




Figure 2.3. Packing of 72 equal pentagons on a sphere with icosahedral symmetry: (1) 
with a plane of symmetry, and (2, 3, 4) on a T = 7 surface lattice. Each pentagon at the 
vertices of the icosahedron makes contact as follows with the neighboring pentagons: (1, 
2) five full edge and (3, 4) five edge-overlap contacts. Each of the other pentagons 
makes contact as follows with its neighbors: (1) one full edge and four vertex-to-vertex 
contacts; (2) one full edge, one edge-overlap, two edge-to-vertex, and two 
vertex-to-vertex contacts; (3, 4) two edge-overlap and two edge-to-vertex contacts. 
(Reproduced with permission from [4]. Copyright 1995 the Biophysical Society.) 
(1) (2) 
(3) (4) 
Packing Density =0.843 Packing Density =0.848 
Packing Density =0.865 Packing Density =0.884 
18 
 
 The geometric configuration with octahedral symmetry of 24 equal pentagons 
on a sphere in Figure 2.4(2) corresponds to the octahedral aggregate of 
pentamers formed of polyomavirus capsid protein VP1 indentified by Salunke14b 
et al. To date other three especially the densest packing have not been observed 
experimentally to date as pentamer packings in virus capsids, but the structure 
reported in Figure 2.4(2) is quite stable. This obvious contradiction is resolved 
by the observation of Liddington16 that there are flexible bonding arms between 
pentamers, which limit their motion. 
 
Figure 2.4. Packing of 24 equal pentagons on a sphere. (Broken lines show back of 
sphere.) The pentagons are situated at the points of a T = 7 octahedral surface lattice 
except at the vertices of the octahedron. Each pentagon makes contact as follows with 
the neighboring pentagons: (1) one full edge and two vertex-to-vertex contacts; (2) one 
edge-overlap, two vertex-to-vertex, and two edge-to-vertex contacts; (3, 4) one 
edge-overlap and four edge-to-vertex contacts. (Reproduced with permission from [4]. 
Copyright 1995 the Biophysical Society.) 
(1) (2) 
(3) (4) 
Packing Density =0.860 Packing Density =0.868 
Packing Density =0.811 Packing Density =0.851 
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In 2001, Wang11b et al. studied the crystallization of fivefold Rabit C-reactive 
proteins (CRP) on lipid monolayer (Figure 2.5). The results showed the 
coexistence and spatial contiguity of two types (PI and PII) of pentamer assembly 
on a 2D plane. PI 2D crystals exhibited p2 symmetry while The PII 2D crystals 
showed p2gg symmetry. The calculated final electron density projection map 
demonstrated that there are four pentamers per unit cell, which are arranged in 
two pairs that are somewhat like the doubling of pair pentamers in PI 2D crystals. 
Each pentagon made full edge-to-edge contact with three neighbors, thereby 
sharing vertices in such a way that there was no gap large enough to contain 
another pentagon in the array. This packing was due to the unevenness of the 
electrostatic potential distribution on the side surface of CRP, which made 
pentamers prone to combine with each other in a full edge-to-edge way. The 
result also revealed that these two types of pentilings had the same pentagon 
packing density on a 2D plane and could transit from one type to the other type 
by periodic twinning with frequent and continuous boundaries. However, the 
pentameric protein molecules cannot be simply equivalent to a regular pentagon. 
The protomer on each vertex cannot be considered just as a point, as a result, in 
both types of pentameric 2D packings the pentamers are not in exact full 
edge-to-edge packing styles due to the steric effect of the adjacent globule 
protomers, which may make a relative shift between the edges of adjacent 
pentamers possible. Thus, these packing could only be obtained in a short range 




Figure 2.5. The electron micrographs showing the coexistence of PI and PII 2D 
packing. (1) and (2) show two probable spatial relationships of PI and PII that were 
found in the same electron micrograph film. They are simplified in (3) and (4), 
respectively, where the pentameric proteins are represented by regular pentagons. The 
flattened hexagons are marked in the electron micrographs and the simplified diagrams 
to indicate the different packing styles. The transition boundaries of different packing 
styles are indicated by the dot–dashed lines. (Reproduced with permission from [11b]. 
Copyright 2001 Academic Press.) 
 
In 2009, Bauert2a et al. used scanning tunneling microscopy (STM) to observe 
the packing arrangement of corannulene as well as its chiral pentachloro and 
pentamethyl derivatives on copper surfaces (Figure 2.6 and 2.7). All three 





corannulenes form a perfectly ordered monolayer by tilting to the same direction, 
but things will be different when it comes to its bulky substituted derivatives. 
The packing density obtained is 0.765. The pentachloro derivative 2 form an 
array of ‘striped lattices’, with pentagonal molecules arranged in antiparallel 
rows. However, the order also only extends for a short distance. With a more 
bulky substituted groups, pentamethyl derivative 3 form a more disordered 
‘rotator phase’ in which the orientation of the molecules, their position with 
respect to the substrate and their chirality all vary, though their centroids are still 
on a hexagonal lattice. 
 
 
Figure 2.6. Top and side views on ball and stick models of corannulene (1) and its 
pentachloro (2) and pentamethyl (3) derivatives. (Reproduced with permission from 





Figure 2.7. STM images of the packing arrangement of (1) 1 on Cu, (2) 2 on Au, (3) 3 
on Cu surfaces  (Reproduced with permission from [2a]. Copyright 2009 American 
Chemical Society.) 
 
  In 2009, Gauthier2c et al. studied the packing by penta-tert-butylcorannulene 
(PTBC) on the high-symmetry Cu(111) surface by low temperature STM at 5K. 
The addition of the five tert-butyl groups enhances the fivefoled shape and 
planarity of the molecule relative to that of corannulene, as indicated 
qualitatively by van der Waals surfaces displayed in Figure 2.8(1), which is 
more adaptive to the substrate surface. As shown in Figure 2.8(2), the lattice is 
hexagonal which involves two types of units: single PTBC molecules 
(monomers) and assemblies of three molecules (trimers). The trimers appear as 
compact, apparently threefold-symmetric objects, with a shape similar to a 
tip-truncated triangle. Because they are not perfect triangles, they cannot fill the 






accommodate one monomer (Figure 2.8(2)). This particular arrangement results 
in a nearly perfect filling of the plane. However, the packing density obtained 
was less than 0.725. 
 
Figure 2.8. (1) Ball-and-stick representations and van der Waals surfaces of 
corannulene and PTBC. (2) STM image of an island of PTBC on Cu(111). M indicates 
a single PTBC molecule (monomer), and T indicates an assembly of three molecules 
(trimer).  
 
As a rough thumb, in the instances mentioned above where pentagons 
appeared to be densely packed, disorders/defects of varying types (orientational/ 
translational disorder, lattice dislocation, reduction in molecular symmetry2a, 2f, 
etc) existed, which was commonly accepted as a general means to ease the 
geometric frustration stemming from a “symmetry mismatch” between 
pentagons and 2D lattice. 
 
2.1.3 Mathematically Sketched Abstract 2D Packing 
Patterns of Equal Regular Pentagons 
Mathematically, however, equal regular pentagons can form abstract compact 
2D crystal lattices7a-c, 17 (Figure 2.9). With a 2D packing density of 0.921, the 




alternating striped rows of pentagons pointing to opposite directions. This leads 
to a congruent arrangement of hexagonally coordinated pentagons that forms an 
ingenious solution to overcome the symmetry mismatch between pentagons and 
lattice, and creates a 2D packing lattice with p2mg symmetry. This densest 
six-neighbor lattice packing was first conjectured by Henley in 19867b and 
mathematically and computationally substantiated by Kuperberg in 19907c and 
Shiling in 200517 respectively.  
 
Figure 2.9. Four mathematically constructed periodic 2D packing patterns and packing 
densities by non-overlapping equal regular pentagons in the plane. The densest packing 
containing hexagonally arranged pentagons has a packing density of 0.921. 
 
However, down to the molecular level, whether or not and how regular 
pentagons of uniform size can pack crystallographically in the 2D plane are still 
open questions that have remained elusive from our current understanding of 
(1) (2) 
(3) (4) 
Packing Density =0.828 
Packing Density = 0.854 
Packing Density =0.865 
Packing Density = 0.921 
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matter and have been hampered by the insufficient diversity of pentagon-shaped 
molecules, and especially by the unavailability of neutral molecules possessing 
fivefold symmetric planarity2c, 6-7, 18. 
 
2.2 Result and Discussion 
In our journey into this scientific domain to look into the possible means of 
experimentally reproducing the densest mathematical crystals at the molecular 
level, we envisioned that the key to allow for a segue to better understand and to 
possibly solve the ostensibly insurmountable periodic packing problem faced by 
regular pentagons rests on our ability to produce fivefold symmetric, planar 
molecules that could resemble the overall shape of a hard pentagon. To achieve 
this goal, we set out to engineer a crystallographically “misfit” molecule that 
ideally should possess fivefold symmetric planarity, a unique structural feature 
that is missing from the molecules reported thus far. Following a cue taken from 
the pentagon-shaped molecule 1 (Figure 2.10) recently reported by our group6 
which exhibited very good planarity and the proven ability of aromatic fluorine 
atoms to form intramolecular hydrogen-bonds (H-bonds) that effectively 
constrain the aromatic backbones into crescent or helical shapes19, aromatic 
fluoropentamer 2 (Figure 2.11) was finally conceived as the conceptual 
pentameric molecular framework to explore its possible shape, molecular 
symmetry and solid state packing. Its crystal structure was used to help visualize 
the unprecedentedly densest planar pentagons with perfect long rang order at the 
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Figure 2.10. (1) Chemical structure of macrocylic pentamer 1, Dotted pink line 
indicated H-bonds. (2) topview and (3) sideview of the crystal structure of 1 with 
methoxy methyl groups are omitted for clarity of view. (Reproduced with permission 




Figure 2.11. Chemical structure of macrocylic fluoropentamer 2. Dotted pink line 
indicated H-bonds. ‘Sticky’ edges and vertices in 2 are made up of exteriorly arrayed 









(1) (2) (3) 
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2.2.1 Ab initio Molecular Modeling at the B3LYP/6-31G* 
Level for Conformational Search 
 
Figure 2.12. (1) Chemical structure (2) Topview and (3) sideview of Ab initio 
(B3LYP/6-31G*) calculated structure of acyclic fluropentamer, cyclic fluoropentamer 
and cyclic fluorhexamer. cyan spheres = fluorine atoms. 
 
As a first step toward deriving the topography associated with 2, we 
constructed ab initio computational molecular model using density functional 
theory at the B3LYP/6-31G(d,p) level that has consistently enabled us to 
accurately predict the 3D topography of oligomers of varying types that were 
later experimentally verified by crystal structures20. As shown in Figure 2.12, (1) 
all the inward-pointing amide protons and fluorine atoms participate in the 
formation of a continuous internally located C-F•••H-N H-bonding network; (2) 
higher oligomers possess a helical periodicity of ~5 repeating unit per turn; (3) 






fivefold symmetric planarity while the optimized cyclichexamer will offer a twist 
structure because of ring strain. In the structure of pentamer 2, the extent of 
backbone bending is insignificantly influenced by covalent macrocyclization 
constriction. Instead, its crescent-shaped backbone curvature is primarily 
induced and maintained by an inward-pointing, continuous C-F•••H-N 
H-bonded network. Such an intrinsic backbone peculiarity requiring five 
identical repeating units to form a macrocycle has not been demonstrated before 
by others. 
 
2.2.2 Synthesis of Macrocyclic Pentamer 2 
Toward further characterizing our design, pentamer 2 was synthesized 
(Scheme 2.1) to test the ab initio model and to help shed new light on an old 
mystery involving 2D pentagons assembled with long range order. The 
monomeric building block, methyl 2-fluro-3-nitrobenzoic acid, was 
commercially available. Rather thatn a convergent route, the backbone 
construction (C-to-N) of the oligoamides 2c~2f in a stepwise fashion was 
adopted and proved to be a more efficient strategy by reacting monomeric acid 
chloride with amino-terminated oligoamide intermediates. More specially, 
reduction of 2b led to amine 2c, which underwent amide coupling reaction with 
acid chloride generated in situ from 2a to give dimer 2c, from which higher 
oligomers from trimer 2d to acyclic pentamer 2f can be produced after repetitive 
amide coupling involving 2a. The reduction of nitro group and subsequent 
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hydrolysis of ester group in acyclic pentamer 2f generated an intermediate that 
underwent a BOP-mediated intramolecular cyclization to produce circular 
pentamer 2 with a chemical yield of 11%. 
 
2.2.3 Conformation Study of Oligoamides 
2.2.3.1 Solid State Stucture of Dimer 2c 
The single crystal structure of dimer 2c was obtained by slow evaporation 
method in the solvent pair of CHCl3/MeOH. Single crystal structural analysis of 
dimer 2c with its top and side views presented in Figure 2.13 demonstrates that 
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(1) 2c adopts a curved conformation in solid state that is stabilized by two 
C-F•••H-N H-bonds (F•••H distances = 2.50 and 2.54 Å) and (2) C-F•••H-N 
H-bonds are indeed quite weak as demonstrated before21, causing the amide 
bond to twist out of the aromatic plane by 45° in order to form stronger 
C=O•••H-N H-bonds (2.17 Å) with adjacent amide bonds from neighboring 
molecules. This weakness in C-F•••H-N H-bond is also in line with the fact that 
the twisting found in 2c has not been observed before in other dimer molecules 
where both fluorine atoms in 2c are simply replaced by two methoxy groups that 
form the stronger C=O•••H-N H-bonds20a. 
 
 
Figure 2.13. Top and side views of the crystal structure of dimer 2c. Red lines indicate 
an intramolecular three-center H-bond involving two fluorine atoms and one amide 
proton that induces 2c into a curved conformation. Three-centered C=O•••H-N 




X-Ray Crystal Data 
X-ray single crystal data for dimer 2c were collected on a Bruker APEX diffractometer with a 
CCD detector and graphite-monochromated MoKα radiation using a sealed tube (2.4 kW) at 
223(2) K. Absorption corrections were made with the program SADABS
1
 and the 
crystallographic package SHELXTL2 was used for all calculations. In the final least-squares 
refinement cycles on |F|2, the model converged at R1 = 0.0552, wR2 = 0.1425, GoF=1.040 for 
2-theta up to 27.5º. Additional crystal data and details of the data collection and structure 
refinement are given in Table 2.1. 
Table 2.1. Crystal data and structure refinement for dimer 2c. 
(Deposition ID at Cambridge Crystallographic Data Centre: 779852) 
Empirical formula  C15H10F2N2O5 
Formula weight  336.25 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  Pc 
Unit cell dimensions a = 4.8822(5) Å     α = 90°. 
 b=14.1165(15)Å     β=93.890(2)°. 
 c = 10.0699(11) Å γ = 90°. 
Volume 692.41(13) Å3 
Z 2 
Density (calculated) 1.613 Mg/m3 
Absorption coefficient 0.140 mm-1 
F(000) 344 
Crystal size 0.76 x 0.16 x 0.06 mm3 
Theta range for data collection 2.49 to 27.50°. 
Index ranges -6<=h<=6, -16<=k<=18, -13<=l<=12 
Reflections collected 4807 
Independent reflections 2423 [R(int) = 0.0381] 
Completeness to theta = 27.50° 99.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9917 and 0.9013 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2423 / 2 / 223 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0552, wR2 = 0.1425 
R indices (all data) R1 = 0.0648, wR2 = 0.1498 
Absolute structure parameter 0.4(13) 
Largest diff. peak and hole 0.406 and -0.240 e.Å-3 
                                                              
[1]. Sheldrick, G. M., SADABS, Software for Empirical Absorption Corrections, University of Göttingen (Germany), 
2000 




2.2.3.2 1H NMR, 19F NMR for Selected Oligoamides 
 
Table 2.2. 19F NMR Chemical Shifts (ppm) for Selected Oligomers 2b-2d Measured at 
1 mM in CDCl3 (282 MHz) at Room Temperature. 
 
oligomer F1(ppm) F2(ppm) F3(ppm) 
2b -117.10   
2c -122.16 -128.26  
2d -122.23 -128.94 -131.73 
 
Table 2.3. 1H NMR Chemical Shifts (ppm) of Amide Protons for dimer and trimer 
Measured at 1 mM in CDCl3 (500 MHz) at Room Temperature.a 
                   
oligomer Ha (ppm) Hb (ppm) 
2c 8.71  
2d 8.68~8.74 
 
a At 1 mM in CDCl3 at 25°C, the amide protons in dimers and trimers display a 
significant downfield shifting by > 0.17 ppm with respect to those fluorofoldamers (≤ 
8.47 ppm) that contain either no or two-centered H-bonds of C-F•••H-N type19. These 
downfield shiftings offer the simplest yet diagnostic indication of the existence of the 








2.2.4 Characterization of Macrocyclic Pentamer 2 
Establishment of the crescent-shaped conformations for dimer 2c in solid state 
and trimers in solution (Table 2.2 and 2.3) implies that longer oligomers 
incorporating more building blocks shall become increasingly curved in one 
direction. This facilitates the cyclization of a suitably sized acyclic pentamer to 
produce a circularly folded macrocyclic pentamer 2. In this regard, several 
experimental characterizations were carried out to confirm the identity of 2 and 
to investigate its symmetry and solid state assembly in the 2D plane. 
The unambiguous confirmation of the identity of 2 was provided by an 
excellent matching between the experimentally obtained high resolution mass of 
2 (HRMS-ESI: [M-H]-C35H19F5N5O5, 684.1321) and that of calculated one 
(684.1306), and between the isotope distribution pattern of the obtained high 
resolution mass with that of the computer simulated one (Figure 2.15). The 
highly symmetrical nature of 2 was revealed by examining its 1H NMR 
spectrum (Figure 2.14(2)) at room temperature. At 1.3 mM, the 1H NMR 
spectrum of 2 in DMSO-d6 shows three sets of proton signals corresponding to 
the aromatic (8.39 ppm, 7.63 ppm and 7.43 ppm) and amide protons (10.21 
ppm). Similarly, its 19F NMR (Figure 2.14(3)) displays only one set of fluorine 
signals at – 125.91 ppm, corresponding to aromatic fluorine atoms. The 
observation of these single sets of 1H and 19F NMR signals is in excellent 





Figure 2.14. (1) Chemical structure of circular pentamer 2. (2) 1H NMR spectrum (500 
MHz, 298 K, DMSO-d6) of pentamer 2 at 1.3 mM. (3) 19F NMR spectrum (282 MHz, 
298 K, DMSO-d6) of pentamer 2 at 1.3 mM. 
 
 
Figure 2.15. (a) Experimental (HRMS-ESI). (b) computer-simulated isotope 










2.2.5 Solid State Stucture of Macrocyclic Pentamer 2 and its 
Two-dimensional Molecular Packing Lattice 
 
 
Figure 2.16. Crystal structure and 2D molecular packing by macrocyclic 
fluoropentamer 2. (1) Top view. (2) CPK model of 2 built based on the van der Waals 
radius (gray: H = 1.20 Å; green: C = 1.70 Å; red: O = 1.52 Å; blue: N = 1.55 Å; cyan: F 
= 1.47 Å). (3) Formation of discrete pairs of isolated H-bonds (2.50 Å) between every 
two pentamers that stabilize the inter-planar stacking. (4) Pseudo-hexagonal 
arrangement with a side length of 16.7 Å and with each pentagon making two 
edge-to-vertex, two smaller edge-overlap and two larger edge-overlap contacts with its 
six close neighbors. Represented as small spheres are those partially charged ‘sticky’ 
hydrogen (gray) and oxygen (red) atoms that are involved in C=O•••H-C H-bonds, 
allowing a tight packing of pentagon-shaped molecules. (5) Top and side views of 
alternating striped lattice packing, consisting of pentagons pointing to opposite 
directions in CPK model (see Figure 2.9(d) for the mathematically constructed 2D 
packing model by pentagons). The average inter-planar distance measures at 3.1 Å. The 
2D packing density of 0.921 was calculated using van der Waals radius specified in 




(1) (2) (3) 
(4) (5) 









The investigation of the symmetry and solid state assembly of 2 in the 2D 
plane was carried out. After numerous unsuccessful attempts, single crystals of 2 
were eventually obtained by slow cooling of a solution containing ~1.1 mg/ml of 
2 in hot DMSO from 110 °C to 25 °C over three months. The determined crystal 
structure demonstrates the folding of 2 into an almost planar disc arrangement of 
nearly perfect fivefold symmetry in solid state (Figure 2.16(1) and 2.16(2)). All 
the five fluorine atoms and amide protons point inward, contributing to the 
formation of a continuous intramolecularly H-bonded network (C-F•••H-N = 
2.08-2.26 Å and 1.94-2.27 Å for S(5) and S(6) intramolecular H-bonds, 
respectively). This H-bonding network provides the much-needed, entropically 
favorable preorganization force, rigidifying the amide linkages and instructing 
an otherwise randomly orienting backbone to fold into a well-defined, rigid, 
circularly folded conformation with a pentagon shape. Five fluorine atoms 
convergently align to enclose a star-shaped cavity of ~ 2.85 Å in radius from the 
cavity center to the center of fluorine nucleus (Figure 2.16(2) and 2.16(5)).   
Analysis of the solid state packing pattern in 2 reveals the long-awaited 
densest striped crystalline lattice (Figure 2.16(5)) harmonically built from pure 
pentagon-shaped molecules that pack precisely in the manner as the 
mathematically verified six-neighbor densest packing shall pack (Figure 2.9(4)). 
While each parallelogramic unit cell contains two pentamers, the closest packing 
pattern can be better represented by the translationally ordered 
pseudo-hexagonally coordinated pentamers; the formation of these repeating 
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pseudo-hexagonal units each involving seven pentamers naturally resolves the 
symmetry mismatch problem between pentagons and lattice (Figure 2.16(4) and 
2.16(5)). These pentamers having no vertices but segments of their sides in 
common are arranged to form alternating stripes that point head-to-tail in 
opposite directions. Each pentamer presents five complementary ‘sticky’ edges 
and one vertex to attract six close neighbors by means of H-bonding specificities 
of three types, i.e., two edge-to-vertex, two smaller edge-overlap and two larger 
edge-overlap bonding contacts. All these specific H-bonding interactions are 
mediated by weak C-H•••O=C H-bonding forces. Because of these specific 
H-bonds conserved among pentamers that continue across the 2D lattice, 
minimization of the gaps among ‘sticky’ pentamers in the 2D plane (Figure 
2.16(4) and 2.16(5)) is as good as the mathematically conceived packing lattice 
(Figure 2.9(4)). Thus our crystal has an experimentally determined 2D packing 
density of 0.921, a value theoretically predicted to be the largest possible.  
  Driven by a combination of aromatic π-π stacking interactions and numerous 
inter-planar H-bonds (C=O •••H-N = 2.50 Å, Figure 2.16(3)), the ordered 2D 
lattices further crystallize into the 3D form. One pair of isolated inter-planar 
H-bonds creates a discrete dimeric ensemble composed of two pentamers (Figure 
2.16(3)). These inter-planar H-bonds result in the observed average inter-planar 
distance of as short as 3.1 Å and a high crystal density of 1.58 Mg/m3. They form 
as a result of comparatively much weaker C-F•••H-N H-bonds, causing the two 
amide bonds in every pentamer to twist out of the pentameric plane to form 
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stronger intermolecular C=O•••H-N H-bonds (2.50 Å) with the adjacent 
neighboring pentamer. Such a twist causes pentamers to deviate from their 
idealized fivefold symmetric planarity that can be seen from its computed structure 





X-Ray Crystal Data 
X-ray single crystal data for pentamer 2 were collected on a Bruker APEX diffractometer with a 
CCD detector and graphite-monochromated MoKα radiation using a sealed tube (2.4 kW) at 
223(2) K. Absorption corrections were made with the program SADABS
2
 and the 
crystallographic package SHELXTL2 was used for all calculations. In the final least-squares 
refinement cycles on |F|2, the model converged at R1 = 0.1495, wR2 = 0.2734, GoF=1.012 for 
2-theta up to 26º. Additional crystal data and details of the data collection and structure 
refinement are given in Table 2.4. 
Table 2.4. Crystal data and structure refinement for Pentamer 2. 
(Deposition ID at Cambridge Crystallographic Data Centre: 779853) 
Empirical formula  C35H20F5N5O5 
Formula weight  685.56 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 8.1372(6) Å            α = 90° 
 b = 27.310(2) Å         β = 100.158(2)° 
 c = 13.1749(10) Å          γ = 90° 
Volume 2882.0(4) Å3 
Z 4 
Density (calculated) 1.580 Mg/m3 
Absorption coefficient 0.129 mm-1 
F(000) 1400 
Crystal size 0.30 x 0.11 x 0.06 mm3 
Theta range for data collection 1.74 to 26.00°. 
Index ranges -10<=h<=10, -33<=k<=32, -13<=l<=16 
Reflections collected 17846 
Independent reflections 5582 [R(int) = 0.0740] 
Completeness to theta = 25.00° 98.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9923 and 0.9622 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5582 / 135 / 314 
Goodness-of-fit on F2 1.012 
Final R indices [I>2sigma(I)] R1 = 0.1495, wR2 = 0.2734 
R indices (all data) R1 = 0.1937, wR2 = 0.2957 
Largest diff. peak and hole 0.793 and -0.596 e.Å-3 
                                                              
[1]. Sheldrick, G. M., SADABS, Software for Empirical Absorption Corrections, University of Göttingen (Germany), 
2000 




2.2.6 Two-dimensional Molecular Packing Lattice of 





Figure 2.17. 2D molecular packing by macrocyclic pentamer 1. (1) Distorted 
hexagonal unit consisting of seven water molecules and seven pentamers. Represented 
as CPK models are water molecules, each forming a strong intermolecular 
HO-H•••O=C H-bond (2.01 Å) with its closest neighbour. (2) Top and side views of the 
alternating striped lattice packing in CPK model, consisting of water molecules and 
pentagons pointing to opposite directions. Differing from the packing pattern seen in 
Figure 2.16(5), one pentagonal edge of pseudo-hexagonally coordinated central 
pentagon interacts with one of its close neighbors through two water molecules. The 
average inter-planar distance measures at 4.3 Å. The 2D packing densities of 0.933 and 
0.898 were calculated on the basis of van der Waals radius specified in the caption for 








2D packing density = 0.933 
2D packing density by pentamers = 0.898 
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Given its nearly planar pentagon shape containing exteriorly arrayed ‘sticky’ 
edges and vertices, macrocyclic pentamer 1 (Figure 2.10) shall also be capable 
of assembling into a 2D lattice with long-range order and translational symmetry 
in the plane. Re-examining the crystal structure of 1 indeed reveals a periodic 
2D six-neighbor packing pattern (Figure 2.17), remarkably similar to the densest 
pentagonal packing by 2 (Figure 2.16(5)). The main driving force for organizing 
the inter-planar stacking is via van der Waals interactions among the sticking-out 
methoxy methyl groups. As a result, the average inter-planar distance increases 
substantially to 4.3 Å, 0.9 Å larger than the typical distance of 3.4 Å, and the 
crystal density reduces to 1.43 Mg/m3. Differing from 2, 2D lattice built from 1 
consists of slightly distorted hexagonal units that tile the plane, each containing 
seven water molecules that each participates in forming one strong 
intermolecular HO-H•••O=C H-bond (2.01 Å) with its closest pentamer 
molecule. To accommodate these water molecules in the lattice, (1) the gaps 
among pentamers become larger, reducing the 2D packing density by pentamers 
down to 0.898 with a further contribution of packing density of 0.035 from 
seven water molecules (Figure 2.17(2)), and (2) each pentamer makes two 
edge-to-vertex, one smaller and one larger edge-overlap, and one full edge 
contacts with its five close neighbors, leaving the sixth neighbor interacting with 





2.2.7 Determination of the Bonding Energy per Pentamer in 
Forming an Ordered 2D Pentagonal Lattice 
 
Figure 2.18. (1) Computationally optimized Hexagonal Unit that contains seven 
pentamers and a total of four edge-to-vertex, four smaller edge-overlap and four larger 
edge-overlap bonding contacts. After normalization, each Pentamer makes one 
edge-to-vertex, one smaller edge-overlap and one larger edge-overlap bonding contacts 
with its six close neighbors. (2) Dimer 1 that contains one edge-to-vertex bonding 
contact, Dimer 2 that contains one larger edge-overlap bonding contact, and Dimer 3 
that contains one smaller edge-overlap bonding contact. (3) The periodic packing of 
pentagon that is derived from dimers 2 or 3 by employing periodic boundary conditions 
(PBC).  














To eliminate the above inter-planar crystal packing effect that gives rise to the 
distorted amide bonds, and so to obtain not only perfect packing pattern and 
packing parameters by perfect regular pentagons but also quantitative 
information in driving forces responsible for the formation of the ordered 2D 
pentagonal lattice, we continued our theoretical investigation at the 
B3LYP/6-31G(d,p) level on the hexagonal unit comprising one central pentamer 
and six surrounding pentamers (Figure 2.16(4) & Figure 2.18).  
 
Define the following: 
EHexagon = bonding energy per Hexagonal Unit in Figure 2.18(1) 
EPentamer = bonding energy per Pentamer in forming a 2D lattice 
EDimer 1 = bonding energy per Dimer 1 in Figure 2.18(2). 
EDimer 2 = bonding energy per Dimer 2 in Figure 2.18(2). 
EDimer 3 = bonding energy per Dimer 3 in Figure 2.18(2). 
EDimer -PBC = bonding energy per Dimers 2 or 3 under PBC in Figure 2.18(3). 
 
From Figure 2.18 and the definition of the above energy terms, the following 
equations can be derived:  
1) EHexagon = 2 x EDimer -PBC = 4 x EPentamer = 4 x (EDimer 1 + EDimer 2 + EDimer 3) 
That is to say, 
2) EPentamer = EDimer -PBC/2 = EHexagon/4 = EDimer 1 + EDimer 2 + EDimer 3 
 
It needs to be mentioned that the chemical environment around Dimer 2 
under periodic boundary conditions, Hexagonal Unit and Dimers 1-3 differs 
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slightly from each other, a slight deviation is expected among the binding energy 
per Pentamer derived from the equations 1) and 2). 
 
The structural optimizations and the corresponding single point energy 
calculation of Dimer 2 under periodic boundary conditions (PBC), Hexagonal 
Unit and Dimers 1-3 were carried out at the level of B3LYP 6-31G(d,p). Their 
bonding energies with respect to the monomers were tabulated as follows:   
Table 2.5. Bonding energies for various ensembles. 
Bonding energy 



















-13.64 -26.23 -1.51 -2.35 -2.30 
 
Based on the above table, EDimer-PBC/2 = -6.82, EHexagon/4 = -6.56 kcal/mol 
and EDimer 1 + EDimer 2 + EDimer 3 = -6.16 kcal/mol. These values are in good 
agreement upon the presence of slightly different chemical environment, 
suggesting to us a bonding energy of -6.82 per Pentamer in forming an ordered 







2.2.8 Deciphering/Quantifying the Driving Forces for 
Forming an Ordered 2D Pentagonal Lattice 
There are three main types of forces that maintain the ordered 2D packing by 
pentamers. Two of them are intermolecular repulsive interactions occurring 
among hydrogen atoms (H-H repulsions), and among oxygen atoms (O-O 
repulsions), and the third type is the intermolecular stabilizing H-bonding 
interactions between “sticky” hydrogen and oxygen atoms (H-O attractions). 
To quantitatively evaluate their contributions to the stability of formed 2D 
pentagonal lattice, the correlation curves (Figure 2.19(2)) between the distances 
and energies for H-H repulsions, O-O repulsions, and H-O attractions were 
first derived from their respective model systems (Figure 2.19(1)). The 
correlation curves in Figure 2.19(2) were then used to convert all the 
intermolecular H-H, O-O, and H-O distances found in Dimers 1-3 (Figure 2.20) 
into their respective energies for H-H repulsions, O-O repulsions, and H-O 
attractions as summarized in table 2.6. 
From Figure 2.18(2), each of Dimers 1-3 encodes one set of H-H, O-O, and 
H-O distances and so one set of H-H repulsions, O-O repulsions, and H-O 
attractions. From equation 2), the energetic sum of Dimers 1-3 equals to the 
bonding energy per Pentamer in forming the 2D pentagonal lattice. 
Define the following: 
EH-H = destabilizing energy by H-H repulsions contributed by all the Dimers 1-3. 
EO-O = destabilizing energy by O-O repulsions contributed by all the Dimers 1-3. 
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EH-O = stabilizing energy by H-O attractions contributed by all the Dimers 1-3. 
From equation 2) and the definition of the above energy terms, the following 
equation can be derived:  
3) EPentamer = EH-H + EO-O + EH-O 
 
In estimating the energies based on the distances (Figure 2.20(2)), the 
distances larger than 6 Ǻ for H-H and H-O distances, and 8 Ǻ for O-O distances 
are not considered (Figure 2.20). 
All the distances within the range of 0-6 Ǻ for H-H and H-O distances, and 
0-8 Ǻ for O-O distances (Figure 2.20) are tabulated in table 2.6 along with the 
corresponding estimated energies according to Figure 2.19(2). 
 
As shown in table 2.6, the estimated bonding energy per Pentamer based on 
Figure 2.19(2)&2.20 is -6.22 kcal/mol, which is in agreement with a bonding 
energy of -6.82 kcal/mol per Pentamer in forming 2D pentagonal lattice. This 
value also agrees well with the above values obtained computationally on 
optimized structures for EHexagon/4 = -6.56 kcal/mol and EDimer 1 + EDimer 2 + 
EDimer 3 = -6.16 kcal/mol. Therefore, the repulsive interactions among hydrogen 
atoms, and among oxygen atoms can be reliably estimated to destabilize the 2D 
packing lattice by 5.33 kcal/mol and 2.50 kcal/mol per Pentamer (Table 2.6), 
respectively. These destabilizing interactions can be more than compensated for 
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by a sufficient amount of stabilizing H-O hydrogen bonding forces (14.05 








Figure 2.19. (1) Simplified model systems for deriving the distance vs energy 
















Figure 2.20. H-H, O-O, and H-O distances found in (1) Dimer 1 that contains one 
edge-to-vertex bonding contact, (2) Dimer 2 that contains one larger edge-overlap 
bonding contact, and (3) Dimer 3 that contains one smaller edge-overlap bonding 
contact. Distances larger than 6 Ǻ for H-H and H-O distances, and 8 Ǻ for O-O 










Table 2.6. Distance vs energy for H-H, O-O and H-O interactions in Dimers 1-3. 
Ensembles 
Driving forces for forming ordered 2D pentagonal lattice 
















5.45  ‐0.08  4.49  0.12  6.49  0.39 
5.05  ‐0.12  3.12  0.23  6.60  0.37 
4.14  ‐0.30  3.22  0.22     
2.51  ‐2.01  3.22  0.22     
4.5  ‐0.20  3.89  0.15     
5.53  ‐0.07  5.21  0.09     
5.35  ‐0.09  4.68  0.11     





3.03  ‐1.32  5.68  0.08  4.21  1.32 
2.36  ‐2.11  4.29  0.13     
2.72  ‐1.76  4.6  0.12     
2.87  ‐1.54  2.4  0.42     
    3.72  0.17     
    4.5  0.12     
    2.43  0.41     
    4.28  0.13     
    4.08  0.14     
    2.59  0.34     
    4.65  0.11     
    4.13  0.14     
    5.08  0.10     
   
Dimer 3  
(smaller edge-overlap) 
4.91  ‐0.13  5.17  0.09  6.51  0.42 
2.74  ‐1.73  3.98  0.15     
4.03  ‐0.34  2.74  0.30     
4.33  ‐0.24  4.43  0.12     
2.65  ‐1.85  2.36  0.45     
4.58  ‐0.18  2.34  0.46     
    4.68  0.11     
    4.98  0.10     
Subtotal  -14.05  5.33  2.50 
Bonding energy per 
Pentamer 






Figure 2.21. Top and side views of (1) computationally optimized Hexagonal Unit that 
contains seven pentamers and (2) experimentally determined Hexagonal Unit that 
contains seven pentamers. The side view in (1) illustrates a perfect coplanarity among 
all the packing pentamers for computationally optimized Hexagonal Unit. The side 
view in (2) highlights the non-planarity found in experimentally determined Hexagonal 
Unit, resulting from the inter-planar H-bonds that twist two amide bonds per Pentamer 
and tilt the plane slightly. 
 
In sum, one key finding arising from these theoretical treatments shows that 
the 2D packing lattice by these pentagons is perfectly coplanar (Figure 2.21(1)) 
in the absence of inter-planar layer-to-layer H-bonding interactions as seen in 
Figure 2.16(3). A further computational analysis reveals driving forces 
accounting for the bonding energy of -6.82 kcal/mol per pentamer in forming a 
2D pentagonal lattice by regular pentagons, i.e., the stabilizing H-bonding 
interactions between “sticky” hydrogen and oxygen atoms (-14.05 kcal/mol per 
pentamer) that can more than compensate for the repulsive interactions among 




2D packing lattice by 5.33 kcal/mol and 2.50 kcal/mol per pentamer, 
respectively. 
 
2.3 Conclusion and Future Work 
Comparison of 2D molecular packing between 1 and 2 highlights one 
important fact that even for rigid pentagon-shaped molecules a great level of 
adaptive flexibility in crystal packing in responding to external impurities such 
as water molecules can be achieved. The fact that such physically realistic 
lattices do exist suggests that, in starch contrast to the prevailing view, 
molecules with fivefold rotational symmetry are fully compatible with the 
symmetry and translational ordering of 2D crystal lattice, and can pack highly 
densely and crystallographically. In addition to an idealized p2mg symmetry 
(Figure 2.11) and depending on the molecular structures and their packing 
patterns, the 2D lattices built from pure pentagonal tiles can have symmetries of 
p2 for 2D packing by 2 (Figure 2.16(5)), and p1 for 2D packing by 1 (Figure 
2.17(2)). 
Our above design strategy additionally affords covalent nanoscaffolding for 
the expedient exchange of a multitude of modular functional groups that 
decorate both the exterior and interior surfaces of the macrocyclic pentamers. 
This could lead to a large diversity of freely standing pentagon-shaped 
molecules that offer interesting perspectives and wider achievements on other 
mathematically sketched periodic pentagonal tiling patterns whose 2D 
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crystalline packings at the molecular scale remain to be found. In addition, 
interacting mechanism via complementary ‘sticky’ edges and vertices offers an 
ingenious way to naturally overcome the symmetry mismatch between 
pentagons and other ordered crystal lattice as well as 2D crystal packing of other 
shaped molecules which only have been speculated by mathematicians (Figure 
2.22 and 2.23).  
 
Figure 2.22. Monte carlo simulation of high-density phase of hard heptagons. The 
particles are color coded according to their absolute orientations. (Reproduced with 
permission from [14]. Copyright 2005 American Physical Society.) 
 
        
Figure 2.23. (1) Chemical structure (2) Topview and (3) sideview of Ab initio 






The pentagon shape of the molecules, their validated pentagon packing 
models and interacting mechanism via complementary ‘sticky’ edges and 
vertices may become useful for nanosurface patterning for novel material, 
creation of nanocapsules for molecular recognition and catalysis, and structural 
investigation of fivefold-symmetry-containing quasicrystals, simple liquids and 
viruse capsids. The advantageous feature of being two-dimensional and forming 
graphene-like layered structures may enable the potential use of these molecules 
as ultrathin insulating layers to protect few-layer graphene films whose 
electronic properties are sensitive to its surrounding environments. 
 
2.4 Experimental Section 
All the reagents were obtained from commercial suppliers and used as 
received unless otherwise noted. Aqueous solutions were prepared from distilled 
water. The organic solutions from all liquid extractions were dried over 
anhydrous Na2SO4 for a minimum of 15 minutes before filtration. Reactions 
were monitored by thin-layer chromatography (TLC) on silica gel pre-coated 
glass plate (0.225 mm thickness, 60F-254, E. Merck). Flash column 
chromatography was performed using pre-coated 0.2 mm silica plates from 
Selecto Scientific. Chemical yields refer to pure isolated substances. Mass 
spectra were obtained using the Instrumentation includes Finnigan MAT95XL-T 
and Micromass VG7035. 1H NMR spectra were recorded on Bruker ACF300 
(300 MHz) and ACF500 (500 MHz) spectrometers. In addition, key compounds 
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were characterized by 2D NOSEY and/or X-ray Diffraction. The solvent signal 
of CDCl3 was referenced at δ = 7.26 ppm, and DMSO-d6 at 2.50 ppm. Coupling 
constants (J values) are reported in Hertz (Hz). 1H NMR data are recorded in the 
order: chemical shift value, multiplicity (s, singlet; d, doublet; t, triplet; q, 
quartet; m, multiplet; br, broad), number of protons that gave rise to the signal 
and coupling constant, where applicable. 13C spectra were proton-decoupled and 
recorded on Bruker ACF300 (300 MHz) and ACF500 spectrometers (500 MHz). 
The solvent, CDCl3 was referenced at 77 ppm and DMS0-d6 at 39.5 ppm. 19F 
spectra were recorded on Bruker ACF300 (300 MHz) with trifluoroacetic acid (δ 
=-76.55 ppm) as a reference. CDCl3 (99.8% deuterated) was purchased from 
Aldrich and used without further purification. 
Methyl 2-fluoro-3-nitrobenzoate (2b) 
2-fluoro-3-nitrobenzoic acid 2a (3.70g, 20.0 mmol) 
dissolved in methanol (40 mL), to which concentrated 
H2SO4 (2 mL, 35.4 mmol) was added. The mixture was 
heated at 60℃ for 2 hours. The solvent was then removed in vacuo and the 
residue was dissolved in CH2Cl2 (200 mL), washed with water (2 x 100 mL), 
finally washed with aq. NaHCO3 (100 mL) and dried over anhydrous Na2SO4. 
Removal of CH2Cl2 gave the desired pure product 2b as a white solid. Yield: 
3.70g, 93%. 1H NMR (500 MHz, CDCl3) δ 8.22 – 8.16 (m, 2H), 7.39 – 7.35 (m, 






(d, J = 267.3 Hz), 138.79 (d, J = 7.5 Hz), 137.18 (d, J = 2.5 Hz), 129.84 (d, J = 
2.5 Hz), 123.99 (d, J = 5.0 Hz), 121.66 (d, J = 10.0 Hz), 53.00. 19F NMR (282 
MHz, CDCl3) δ -117.10 (s, 1F). HRMS-EI: calculated for [M]+ (C8H6O4N1F1): 
m/z 199.0281 found: m/z 199.0279. 
Methyl 2-fluoro-3-(2-fluoro-3-nitrobenzamido)benzoate (2c) 
To a solution of 2b (2.99 g, 15.0 mmol) and iron 
(3.36 g, 60.0 mmol) in EtOH (100 mL) was added 
acetate acid (10 mL). The reaction was heated under 
reflux for 2 hours. After cooling, the solvent was evaporated and the residue was 
dissolved with CH2Cl2 (150 mL) and washed with water and Brine. The organic 
layer was dried over anhydrous Na2SO4. Evaporation of the solvent gave the 
amine product, which was directly used in the next step without purification. A 
solution of 2-fluoro-3-nitrobenzoic acid 2a (3.05 g, 16.5 mmol) in SOCl2 (20 
mL) was heated under reflux for 4 hours. After the removal of SOCl2, the amine 
product and pyridine (3.18 mL, 33.0 mmol) in dry CH2Cl2 (80 mL) were added 
to the residue. The reaction was allowed to proceed for 4 hours. After washing 
with 1M HCl solution, aqueous sat. NaHCO3 and Brine, the organic layer was 
dried over anhydrous Na2SO4. The residue was recrystallized from MeOH to 
give the pure product 2c as a white solid. Yield: 4.08 g, 81%.  1H NMR (500 
MHz, CDCl3) δ 8.71 (d, J = 11.8 Hz, 1H), 8.65 (t, J = 7.3 Hz, 1H), 8.45 (t, J = 










7.28 (t, J = 8.0 Hz, 1H), 3.97 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 164.21 (d, 
J = 3.8 Hz), 159.43 (d, J = 2.5 Hz), 153.22 (d, J = 262.5 Hz), 152.02 (d, J = 
258.8 Hz), 138.26 (d, J = 10.0 Hz), 137.41 (d, J = 2.5 Hz), 129.72, 127.32, 
126.84 (d, J = 11.3 Hz), 126.38, 125.12 (d, J = 5.0 Hz), 124.28 (d, J = 5.0 Hz), 
123.91 (d, J = 11.4 Hz), 118.69 (d, J = 8.8 Hz), 52.54. 19F NMR (282 MHz, 
CDCl3) δ -122.16 (s, 1F), -128.26 (s, 1F). HRMS-ESI: calculated for [M-H]- 




To a solution of 2c (3.78 g, 8.0 mmol) and iron (1.79 
g, 32.0 mmol) in EtOH (120 mL) was added acetate 
acid (8 mL). The reaction was heated under reflux for 
4 hours. After cooling, the solvent was evaporated and the residue was dissolved 
with CH2Cl2 (300 mL) and washed with water and Brine. The organic layer was 
dried over anhydrous Na2SO4. Evaporation of the solvent gave the amine 
product which was directly used in the next step without purification. A solution 
of 2-fluoro-3-nitrobenzoic acid 2a (1.78 g, 9.6 mmol) in SOCl2 (18 mL) was 
heated under reflux for 4 h. After removal the SOCl2, the amine product and 
pyridine (1.86 mL, 19.2 mmol) in dry CH2Cl2 (200 mL) were added to the 
residue. The reaction was allowed to proceed for 6 hours. After washing with 















over anhydrous Na2SO4. The residue was recrystallized from MeOH to give the 
pure product 2d as a white solid. Yield: 3.18 g, 84%. 1H NMR (500 MHz, 
CDCl3) δ 8.74-8.68 (m, 3H), 8.64 (t, J = 7.3 Hz, 1H), 8.49 – 8.46 (m, 1H), 8.29 
– 8.25 (m, 1H), 7.96-7.93 (m, 1H), 7.73 – 7.70 (m, 1H), 7.53 (t, J = 8.1 Hz, 1H), 
7.40 (t, J = 8.1 Hz, 1H), 7.27 (t, J = 8.1 Hz, 1H), 3.96 (s, 3H). 13C NMR (125 
MHz, DMSO-d6) δ 163.81 (d, J = 2.5 Hz), 162.72, 161.55, 153.84 (d, J = 258.8 
Hz), 151.90 (d, J = 263.8 Hz), 151.57 (d, J = 251.3 Hz), 137.42 (d, J = 7.5 Hz), 
135.67 (d, J = 2.5 Hz), 130.21, 128.17, 127.89, 127.48, 126.83 (d, J = 12.5 Hz), 
126.72 (d, J = 12.5 Hz), 126.33, 125.82 (d, J = 12.5 Hz), 125.21 (d, J = 5.0 Hz), 
124.47 (d, J = 11.3 Hz), 124.37 (d, J = 3.8 Hz), 124.20 (d, J = 5.0 Hz), 118.81 (d, 
J = 8.8 Hz), 52.47. 19F NMR (282 MHz, CDCl3) δ -122.23 (s, 1F), -128.94 (s, 
1F), -131.73 (s, 1F). HRMS-ESI: calculated for [M-H]- (C22H13O6 N3F3): m/z 
472.0762, found: m/z 472.0750. 
 
Methyl 2-fluoro-3-(2-fluoro-3-(2-fluoro-3-(2-fluoro-3-nitrobenzamido) 
benzamido)benzamido) benzoate (2e) 
Compound 2d (2.37 g, 5.0 mmol) was reduced by 
catalytic hydrogenation in THF/DMF (60 mL/15 
mL) at 60 0C, using Pd/C (0.24 g, 10%) as the 
catalyst for 5 hours. The reaction mixture was then 
filtered and the solvent removed in vacuo to give the pure amine product as a 



















A solution of 2-fluoro-3-nitrobenzoic acid 2a (1.11 g, 6.0 mmol) in SOCl2 (15 
mL) was heated under reflux for 4 hours. After removal the SOCl2, the amine 
product and pyridine (1.16 mL, 12.0 mmol) in dry CH2Cl2/ DMF (200mL/30 mL) 
were added to the residue. The reaction was allowed to proceed for 6 hours. 
Removal the solvent in vacuo gave the crude product, which was then 
recrystallized from MeOH to give the pure product 2e as a white solid. Yield: 
2.17 g, 71%. 1H NMR (500 MHz, DMSO-d6) δ 10.71 (s, 1H), 10.45 (s, 1H), 
10.40 (s, 1H), 8.32 (t, J = 7.6 Hz, 1H), 8.09 – 8.00 (m, 4H), 7.75 – 7.71 (m, 1H), 
7.60 – 7.55 (m, 3H), 7.40 – 7.34 (m, 3H), 3.87 (s, 3H). 13C NMR (125 MHz, 
DMSO-d6) δ 163.83 (d, J = 2.5 Hz), 162.80, 161.57, 153.87 (d, J = 260.0 Hz), 
151.91 (d, J = 261.3 Hz), 151.86 (d, J = 255.0 Hz), 151.56 (d, J = 251.3 Hz), 
137.43 (d, J = 2.5 Hz), 135.68 (d, J = 3.8 Hz), 130.28, 128.18, 127.98, 127.92, 
127.43, 126.84 (d, J = 12.5 Hz), 126.73 (d, J = 12.5 Hz), 126.27 (d, J = 10.0 Hz), 
126.09 (d, J = 12.5 Hz), 125.80 (d, J = 11.3 Hz), 125.24 (d, J = 3.8 Hz), 124.67, 
124.57, 124.45, 124.38 (d, J = 3.8 Hz), 124.29, 124.24, 124.20, 118.81 (d, J = 
8.8 Hz), 52.49. 19F NMR (282 MHz, DMSO-d6) δ -121.26 (s, 1F), -122.94 (s, 
1F), -125.09 (s, 1F), -125.37 (s, 1F). HRMS-ESI: calculated for [M-H]- 






Compound 2e (915 mg, 1.5 mmol) was reduced by 
catalytic hydrogenation in THF/DMF (50 mL/15 mL) 
at 60 0C, using Pd/C (92 mg, 10%) as the catalyst for 
6 hours. The reaction mixture was then filtered and 
the solvent removed in vacuo to give the pure amine as a white solid, which was 
directly used in the next step without further purification. A solution of 
2-fluoro-3-nitrobenzoic acid 2a (426 mg, 2.3 mmol) in SOCl2 (10 mL) was 
heated under reflux for 4 hours. After removal the SOCl2, the amine product and 
pyridine (0.44 mL, 4.6 mmol) in dry CH2Cl2/DMF (150 mL/25 mL) were added 
to the residue. The reaction was allowed to proceed for 12 hours. Removal of the 
solvent in vacuo gave the crude product, which was recrystallized from 
methanol to give the pure product 2f as a white solid. Yield: 740 mg, 66%. 1H 
NMR (500 MHz, DMSO-d6) δ 10.70 (s, 1H), 10.45 (s, 1H), 10.43 (s, 1H), 10.40 
(s, 1H), 8.32 (t, J = 6.9 Hz, 1H), 8.09 – 7.99 (m, 5H), 7.73 (t, J = 6.3 Hz, 1H), 
7.60 – 7.56 (m, 4H), 7.40 – 7.34 (m, 4H), 3.87 (s, 3H). 13C NMR (125 MHz, 
DMSO-d6) δ 163.80 (d, J = 2.5 Hz), 162.83, 162.76, 161.53, 160.31, 153.95 (d, 
J = 258.8 Hz), 151.88 (d, J = 258.8 Hz), 151.82 (d, J = 255.0 Hz), 151.51 (d, J = 
250.0 Hz), 137.40 (d, J = 8.8 Hz), 135.64 (d, J = 3.8 Hz), 130.26, 128.15, 
127.95, 127.89, 127.85, 127.38, 126.87, 126.75, 126.65, 126.28, 126.18, 126.12 
(d, J = 5.0 Hz), 126.02 (d, J = 2.5 Hz), 125.76 (d, J = 12.5 Hz), 125.21 (d, J = 
5.0 Hz), 124.67, 124.57 (d, J = 2.5 Hz), 124.48, 124.40 (d, J = 8.8 Hz), 124.3 (d, 























(282 MHz, DMSO-d6) δ -121.20 (s, 1F), -122.87 (s, 1F), -125.22 (s, 1F), -125.28 
(s, 1F), -125.54 (s, 1F). HRMS-ESI: calculated for [M-H]- (C36H21O8 N5F5): m/z 
746.1316, found: m/z 746.1297. 
 
Circular Pentamer 2 
Compound 2f (374 mg, 0.5 mmol) was reduced 
by catalytic hydrogenation in THF/DMF (25 
mL/10 mL) at 60 0C, using Pd/C (75 mg, 20%) 
as the catalyst for 6 hours. The reaction 
mixture was then filtered and the solvent 
removed in vacuo to give the pure amine 2g as a white solid, which was directly 
used in the next step without further purification. Compound 2g (358 mg, 0.5 
mmol) was dissolved in hot THF (40 mL) to which 1M KOH (2.5 mL, 2.5 mmol) 
was added. The mixture was heated under reflux for 6 hours and then quenched 
with water (40 mL). The aqueous layer was neutralized with 1M KHSO4 (2.5 
mL). THF was then removed in vacuo and the precipitated crude product 2h was 
collected by filtration, which was directly used in the next step without further 
purification. Compound 2h (281 mg, 0.4 mmol) and BOP (443 mg, 1 mmol) 
were dissolved in DMF (10 ml) and stirred for 30 minutes. DIEA (0.22 ml, 1.2 
mmol) was then added and the reaction mixture was stirred continuously for 12 
hours at 70 oC. Removal of the solvent in vacuo gave the crude product, which 
























the pure product 2 as a slight grey solid. Overall Yield: 38 mg, 11%. 1H NMR 
(500 MHz, DMSO-d6) δ 10.21 (s, 5H), 8.39 (t, J = 6.9 Hz, 5H), 7.63 (t, J = 6.3 
Hz, 5H), 7.43 (t, J = 7.9 Hz, 5H). 19F NMR (282 MHz, DMSO-d6) δ -125.91 (s, 
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  “What is a molecular gel?” By definition, one can classify a substance as a gel 
if it (1) has a continuous microscopic structure with macroscopic dimensions 
that is permanent on the time scale of an analytical experiment and (2) is 
solid-like in its rheological behavior despite being mostly liquid1. The gelling 
phenomenon is caused by the immobilization of the flow of liquid by trapping of 
solvent molecules by the 3D networks formed via the association of gelators. 
Low-molecular-weight organogelators (LMOGs) have promising applications in 
diverse areas ranging from structure directing agents, drug delivery systems, 
sensors, catalysis to electronic nanodevices1-2. 
  Compared to the currently available large structural diversities of acyclic 
gelators1-2, 2d-i, the emerging macrocyclic gelators have been much less studied2c. 
The hitherto discovered macrocyclic gelators or their simply modified 
derivatives mostly have been based on well known three dimensionally (3D) 
shaped molecules including calixarene3, cyclodextrin4, cyclophane5, 
resorcinarene6, cucurbit[7]uril7, crown ether8, diimide9 or 
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dehydrobenzoannulene based macrocycles10, while 2D planar macrocyclic 
gelators remain very limited. The only one example known to us was developed 
in 2006 by Zang and Moore 11 which derived from arylene ethynylene 
macrocycles (AEMs) (Figure 3.1). The gelation process is accomplished by the 
entanglement of the nanofibrils formed by the self-assembly of AEMs through 
optimal π-π stacking and side-chain association.  
 
Figure 3.1. (1) Chemical structure of arylene ethynylene macrocycle. (2) TEM 
images of the gel of AEM deposited on silicon oxide (A, B) and holey carbon (C, D) 
films: (A) large-area image showing the fibril piles; (B) different sizes of fibril bundles; 
(C) highly uniform nanofibrils lying across a hole of the carbon film; (D) a zoomed-in 
image over the sample of C. (Reproduced with permission from [11]. Copyright 2006 
American Chemical Society.) 
 
This situation becomes comparably quite cumbersome particularly with 
respect to the ability of 2D-shaped macrocycles to form vesicles of varying 
sizes12 (Figure 3.2), the planar polycyclic molecules to form gels13 (Figure 3.3), 






Figure 3.2. (1) Chemical structure of ortho-Phenylene Ethynylene Macrocycle. (2) 
TEM images of vesicles: a,b) without staining; c,d) stainedfor 15 minutes; and e,f ) 
stainedfor 45 minutes [with RuO4 (0.05 wt% solution)]. d) The bilayer thickness is 3 
nm. (Reproduced with permission from [12c]. Copyright 2006 Wiley-VCH.) 
 
Figure 3.3. (1) Chemical structure of PP2b. (2) Cryo-SEM images of the gel of PP2b 
(8 × 10-3 M, water/THF mixture (80:20)) at different magnifications. (a) Nanoporous 
structure of the three-dimensional network. Inset: vial inversion test. (b) Image at high 
magnification shows three-dimensional network of nanofibers. The smallest fibers are 
6.1 ( 1.1 nm in diameter (yellow arrow). (c) Whirls with diameters of 10-15 μm. (d) 
Directional arrangement of fibers within a “microstream” in the gel. (Reproduced with 
permission from [13a]. Copyright 2009 American Chemical Society.) 
 
Largely, this can be attributed to the general difficulty in the rational design of 
organogelators2b, 9, 11, and to the lack of suitable designer protocols allowing the 
strong intermolecular interactions among macrocycles to be directionally 





one-dimensional (1D) fibrillar nanostructures but also 3D entangled networks 
for extensive solvent entrapment2b, 9-11, 15. Accordingly, new gelling agents often 
have been discovered serendipitously or produced by modifying the 
serendipitously obtained gelators2b.  
 
3.1.2 Strategies Used to Design Gelators 
A few new dimensions recently were added into the design aspects of 
supramolecular gelling agents. Dastidar2b, 16 and McNeil17 adopted a de novo 
crystal engineering approach to create new gelators by design. As shown in 
Figure 3.4, single crystal X-ray diffraction demonstrated that by oxidation the 
nonplanar dihydropyridine could be converted into a planar pyridine which 
exhibits significant 1-D π-stacking interactions. And the oxidized pyridine 
derivative was found to be capable of forming gels in mixtures of H2O, DMSO, 
acetone and DMF.  
 
Figure 3.4. (1) Crystal structure of dihydripyridine derivatives exhibiting weak 1-D 
intermolecular interactions. (2) Image that shows the formation of gel by oxidizing a 
nonplanar dihydropyridine derivative into a planar pyridine derivative. (3) Crystal 
structure of oxidized pyridine derivatives exhibiting significant 1-D intermolecular 
interactions. (Reproduced with permission from [17a]. Copyright 2008 American 
Chemical Society.) 
 
(1) (3) (2) 
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The crystal engineering approach emphasizes on the importance of 1D 
intermolecular interactions in inducing and maintaining gel formation, and such 
interactions believably can be extracted from the known crystal structures and 
applied to identify new types of gelators. 
Another de novo design strategy explores the host-guest chemistry to design 
responsive supramolecular gels. The prominent examples along this line include 
the use of cyclodextrin by Akira Harade18, crown ether by Huang Feihe and Liu 
Shiyong19, cucurbit[8]uril by Oren Scherman20, and protein-peptide interactions 
by Lynne Regan21.  
 
3.2 Result and Discussion 
  In charpter 2, we have designed and crystallized a C5-symmetric 
fluoropentamer 1 whose circularly folded pentameric backbone 22 is enforced by 
intramolecular C-F•••H-N H-bonds (Figure 3.5(1) and 3.5(2)). And the 
aromatic backbone of pentamer 1 was revealed to be quite planar, which should 
enhance inter-planar π-π interactions. In addition, every pentamer forms two 
intermolecular C=O•••H-N H-bonds (2.50 Å) with its nearest pentamer, leading 
to a dimeric ensemble where the average inter-planar distance is as short as 3.1 
Å (Figure 3.5(2)). These H-bonds form as a result of comparatively much 
weaker C-F•••H-N H-bonds, causing the two amide bonds in every pentamer to 
twist out of the pentameric plane to form stronger C=O•••H-N H-bonds with 
the adjacent nearest pentamer. The weakness of C-F•••H-N H-bonds can be 
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further illustrated by the crystal of the dimer molecule (Figure 3.5(3)) whose 
amide bond is twisted out of the aromatic plane by 45° in order to form stronger 
C=O•••H-N H-bonds (2.17 Å) even in the presence of two stabilizing 
C-F•••H-N H-bonds (F•••H distances = 2.50 and 2.54 Å). 
 
Figure 3.5. (1) Structures of fluoropentamers 1-3. (2) Top and side views of crystal 
structure of 1, illustrating the formation of inter-planar H-bonds of 2.50 Å. (3) Structure 
of dimer and top and side views of its crystal structure, illustrating the formation of 
intermolecular H-bonds of 2.17 Å. Dotted cycles in (2) indicate the amide bonds that 
are twisted out of the plane to form intermolecular H-bonds to enhance the inter-planar 
aggregations. 
 
Inferred from the existence of inter-planar H-bonds, shortened inter-planar 
distance and the planar aromatic backbone as found in pentamer 1, we 
envisioned that macrocyclic analogs derived from pentamer 1 that bear suitably 
modified hydrocarbon chains could be gelators. Their gelating ability should 
derive firstly from their tendency to form 1D stacked fibrillar structures that are 
stabilized by both inter-planar H-bonds and π-π stacking forces (Figure 3.5(2)), 
followed by the inter-columnar association via hydrophobic hydrocarbon chains 





to form 3D gelling network. The gel will be formed as a result of the trapping of 
organic solvent by the 3D network through surface tension and capillary forces. 
 
3.2.1 Synthesis of Macrocyclic Fluoropentamer 2 and 3 
To test our hypothesis, pentamer 2 and 3 were synthesized through step-wise 
amide coupling. The monomeric building block, methyl 
2-fluoro-3-nitro-5-octylbenzoate & methyl 5-dodecyl-2-fluoro-3- nitrobenzoate, 
was prepared from commercially available methyl 2-fluro-3-nitrobenzoic acid 
through esterification, bromination and Suzuki coupling with alkyl boronic acid. 
Like the method mentioned in Charpter 2,  oligoamides 2d~2g and 3d~3g in a 
stepwise fashion was also adopted and proved to be an efficient strategy by 
reacting monomeric acid chloride with amino-terminated oligoamide 
intermediates. The reduction of nitro group and subsequent hydrolysis of ester 
group in acyclic pentamer 2g and 3g generated an intermediate that underwent a 
BOP-mediated intramolecular cyclization to produce circular pentamer 2 and 3 
with a chemical yield of 22% and 15%, respectively. Their identity was 
unambiguously confirmed by several experimental characterizations including 


















3.2.2 Conformation Study of Oligoamide 
 
Figure 3.6. Two-dimensional (2D) NOESY (500 MHz, 10 mM, 500 ms, 283K, CDCl3 
containing 5% DMSO-d6) study of 2e, showing one desired NOE contact between 
protons Ha and Hb that is indicative of H-bond enforced crescent conformation in 2e. (1) 








3.2.3 Photographs of Gels 
 
Figure 3.7. Photographs of the gels which remain stable upon vial inversion in n-hexane  
(Left: gel of pentamer 2 (3.0 mM); right: gel of pentamer 3 (2.0 mM) ) 
 
 
Figure 3.8. Photographs of the gels which remain stable upon vial inversion in ethyl acetate  
(Left: gel of pentamer 2 (9.0 mM); right: gel of pentamer 3 (7.0 mM) ) 
 
3.2.4 Gelating Ability of Pentamer 2 and 3 
The ability of pentamers 2 and 3 to serve as 2D planar macrocyclic gelators 
was examined in a variety of organic solvents by the “stable to inversion” 
method. In brief, the gelators and solvents were mixed in a sealed sample vial 
and heated in the oil-bath until all the gelators were dissolved. The solution was 
then cooled to 25 oC under ambient conditions. The samples were regarded as a 
gel if no flow was observed within 30 s after inverting the vial. By this method, 
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solvents that can be gelated by 2 and 3 are summarized in Table 3.1. In other 
solvents, 2 and 3 are either insoluble or too soluble (>25 mM), resulting in no 
gel formation. In both n-hexane and ethyl acetate, pentamer 3 carrying longer 
aliphatic side chains functions as a better gelator than pentamer 2 carrying 
shorter ones. Pentamer 2, however, possesses a better gelating ability than 3 
when diethyl ether, cyclohexane and dioxane are used as the solvents, probably 
due to the much enhanced solubility of 3 in these solvents. The minimum 
gelation concentrations (MGCs) for 2 and 3 in n-hexane are as low as 2.67mM 
and 1.61mM, which correspond to 2.8 x 103 and 4.8 x 103 solvent molecules 
being trapped on average by just one macrocyclic gelator molecule of 2 and 3, 
respectively. 
 
Table 3.1. Minimum gelation concentrations for pentamers 2 and 3 in different 
solvent att room temperature.a 
Solvents Pentamer 2 (mM/wt%) Pentamer 3 (mM/wt%) 
n-Hexane 2.67 / 0.51 (tr) 1.61 / 0.37 (tr) 
Ethyl acetate 6.40 / 0.88 (op) 5.03 / 0.86 (op) 
Diethyl ether 4.72 / 0.82 (op) 14.88 / 3.18 (op) 
Cyclohexane 5.57 / 0.89 (tr) S 
Dioxane 5.70 / 0.69 (op) 20.40 / 3.02 (op) 
a. Abbreviations: S = soluble, tr = transparent, op = opaque. 
 
3.2.5 Stacking Study of Pentamer 2&3 in Solutions 
3.2.5.1 Concentration-dependent 1H NMR Experiment 
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  As shown in Figure 3.9, the 1H NMR spectra of pentamer 3 exhibited in 
CDCl3 well-resolved sharp peaks in the concentration below 0.31mM whereas 
with the increase of the concentration, shoulder peaks would be generated. The 
higher the concentration was, the stronger of the intensity of the shoulder peak it 
would be, which demonstrated extensive aggregation of pentamer 3 in CDCl3. 
 
Figure 3.9. Stacked 1H NMR spectra (300 K, 500 MHz) of pentamer 3 at different 
concentrations in CDCl3. The appearance of new peaks with the increased 
concentrations indicates the extensive aggregation among 2 at high concentrations. 
 
3.2.5.2 Temperature-dependent 1H NMR Experiment 
  The aggregation of pentamer 3 was further confirmed by the 1H NMR 
recorded at different temperature (Figure 3.10). Pentamer 3 (1mM) showed 
sharp peaks in CDCl3 at 323K. However, shoulder peaks also appeared when 
the temperature decreased from 323K to 223K. Especially when the temperature 
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reached 253K, all the peaks transferred to a broad set which was a very palpable 
indication of strong intermolecular aggregation. 
 
Figure 3.10. Stacked 1H NMR spectra of pentamer 3 at different temperatures in 
CDCl3 (1mM). The disappearance of doublet peak at 223 K indicates the extensive 
aggregation among 2 at low temperatures. 
 
3.2.5.3 UV/Vis Spectra of Pentamer 2&3 in Different 
Solvents 
































Figure 3.12. UV absorption spectra of pentamer 3 in different solvent at 25oC (2 × 10-5M)  
 
In the crystal structure, pentamer 1 carrying no exterior side chains stacks 
face-to-face to form one-dimensional H-aggregates (Figure 3.5). Given that the 
absorption spectrum of the H-aggregate typically consists of a blue-shifted band 
with respect to the absorption by monomer, self-assembly of pentamer 2 and 3 in 
the organic solvents shown in Table 3.1 were investigated by UV-Vis 
spectroscopy. At 2 x 10-5 M-1, pentamer 2 exhibits a maximum adsorption (λmax) 
at 268, 269, 267 and 268 nm while pentamer 3 absorbs maximally at 265, 268, 
270 and 267 nm in n-hexane, ethyl acetate, cyclohexane and dioxane, 
respectively. Compared to a λmax value of 274 nm for both pentamer 2 and 3 in 
chloroform where no gelation occurs, a blue-shift of 4-9 nm was observed in the 
solvents in which they can form the gels; this blue-shift is in accord with the 
packing seen in the crystal structure and thus suggests both 2 and 3 assemble 




values for both pentamer 2 and 3 in n-hexane, ethyl acetate, cyclohexane and 
dioxane are lower than those of pentamer 2 and 3 in chloroform, likely due to 
the better aggregation in these solvents with respect to chloroform whereby 
extensive aggregations of pentamer 3 occur at ~ 1 mM and above. 
 
3.2.5.4 UV/Vis Spectra of Pentamer 2&3 at Variable 
Temperature 
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Figure 3.13. Temperature-dependent UV absorption 
spectra of pentamer 2 in n-hexane (2 × 10-5M) 
Figure 3.14. Temperature-dependent UV absorption 
spectra of pentamer 3 in n-hexane (2 × 10-5M) 





























Figure 3.15. Temperature-dependent UV absorption 
spectra of pentamer 2 in ethyl acetate (2 × 10-5M) 
Figure 3.16. Temperature-dependent UV absorption 



































Figure 3.17. Temperature-dependent UV absorption 
spectra of pentamer 2 in cyclohexane (2 × 10-5M) 
(Cyclohexane melts around 7oC.) 
Figure 3.18. Temperature-dependent UV absorption 
spectra of pentamer 3 in cyclohexane (2 × 10-5M) 
(Cyclohexane melts around 7oC.) 
























Figure 3.19. Temperature-dependent UV absorption 
spectra of pentamer 2 in ethyl acetate (2 × 10-5M) 
(Dioxane melts around 12oC.) 
Figure 3.20. Temperature-dependent UV absorption 
spectra of pentamer 3 in ethyl acetate (2 × 10-5M) 
(Dioxane melts around 12oC.) 












   5oC
   0oC
 












   5oC
   0oC
 
Figure 3.21. Temperature-dependent UV absorption 
spectra of pentamer 2 in chloroform (2 × 10-5M) 
Figure 3.22. Temperature-dependent UV absorption 







Further examinations of variable temperature UV-Vis data interestingly show 
that λmax values drop very quickly for 2 in n-hexane and 3 in ethyl acetate with 
temperature decreasing from 25°C to 0°C, while much smaller or no significant 
changes in λmax value for 2 and 3 in all the other solvents inclusive of 
chloroform were observed (Figure 3.13 to 3.22). Take 2 and 3 in n-hexane as the 
examples, a quick drop in λmax value for 2 in n-hexane (Figure 3.13) may 
indicate a greater intermolecular aggregation, and a much smaller change in λmax 
value for 3 (Figure 3.14) suggests similar aggregation extents at different 
temperatures. Although we are not sure if the observed enhanced aggregation in 
2 results from the stronger π-π stacking interactions, strengthened intermolecular 
H-bond, stronger association or less steric hindrance involving alkyl side chains 
within the same 1D aggregates, or a combination of them, it does allow us to 
surmise that 2 possibly can gel n-hexane better than 3 at temperatures below 
room temperature. This appealing possibility is in sharp contrast with the fact 
that 3 actually is a better gelator than 2 in n-hexane at room temperature (Table 
3.1). 
 
3.2.6 Thermal Behavior of Gels Formed by Pentamer 2 and 
3 
To verify the above postulate concerning the temperature effect on the MGCs, 
gel-solution transition temperatures (Tg) for 2 and 3 in n-hexane were 
determined by the “falling drop” method23. Typically, a gel sample in a sealed 
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chemical vial was inverted and immersed in thermostated water bath. Then the 
sample was slowly heated at a rate of 2 /min until reaching the transition℃  
temperature (Tg), at which the gel began to flow down due to gravity.  
Despite of the fact that 3 is a better gelator than 2 in n-hexane at room 
temperature, at the lower temperature end, however, 2 is a better gelator (Figure 
3.23). The intersection point of the two curves has (1.42 mM, 23.3 °C) 
coordinates, suggesting that 2 and 3 are equal gelators and capable of gelating 
n-hexane at 1.42 mM at 23.3 °C. At temperature below 23.3 °C, 2 starts 
becoming more capable of gelating n-hexane. For instance, at 19.5 °C, MGC of 
2 is experimentally determined to be 0.75 mM, while MGC of 3 extrapolated 
from the curve is 1.09 mM. In addition, MGC values for 2 essentially remain 
constant around 0.70 mM over a wide temperature range of 3.7 to 18.0 °C.  
This is consistent with the strong intermolecular aggregation between 0 and 18 
°C that does not change as dramatically as that between 18 °C and 25 °C (Figure 
3.13). The Tg values of 2 and 3 determined in n-hexane at higher temperature 
reveals 3 to be a consistent better gelator than 2 over a narrow temperature range 
of 23.3 to 31.3 °C (Figure 3.23). With a further increase of temperature up to 
46.2 °C, 2, once again, turns into a comparatively much better gelator, 
suggesting that the intermolecular aggregation of H-type in 3 is more sensitive 




Figure 3.23. Effect of concentration on the gel-sol phase-transition temperature (Tg) 
of pentamer 2 and 3 gel in n-hexane. The data were the average value of 2 runs. The 
temperature difference between the 2 runs was within 0.6℃. 
 
The above observed trend on intermolecular aggregation and Tg values in 
n-hexane was completely reversed in ethyl acetate (Figure 3.24). More 
specifically, the intermolecular aggregation inferred from UV-Vis spectra is 
dramatically enhanced for 3, rather than 2, at temperature lower than 25 °C. In 
accord with this, 3 remains as a better gelator of ethyl acetate than 2 at 
temperature lower than 26.5 °C. Its gelating ability becomes weaker over a 
temperature range of 26.5 - 37.4 °C, but stronger at higher temperature with 
respect to the gelating ability of 2. This better gelating ability observed for 3 
suggests that it is 2, not 3 as in the case of n-hexane, whose 1D H-aggregates in 























Figure 3.24. Effect of concentration on the gel-sol phase-transition temperature (Tg) of 
pentamer 2 and 3 gel in ethyl acetate. The data were the average value of 2 runs. The 
temperature difference between the 2 runs was within 0.6℃. 
 
3.2.7 Morphology Study of Gels by TEM and SEM 
The solid state morphology of the gelling networks for the as-formed gels 
was visualized using the transmission electron spectroscopy (TEM) technique. 
Typically, the TEM grid was immersed in the gels, and images of the gels 
spotted onto the TEM grid were then captured by TEM. TEM images 
demonstrate the extensive formation of nanofibers, presumably resulting from 
inter-columnar associations of the 1D H-aggregates, for pentamer 2 in n-hexane 
(Figure 3.25), ethyl acetate (Figure 3.26) and cyclohexane (Figure 3.27). These 
seemingly endless nanofibers typically measure between 100-250 nm in width, 
and structure a 3D knotted network able to “freeze” solvent molecules to form 


















(Figure 3.28) and n-hexane (Figure 3.29) even though the image quality seems 
not to be very excellent. 
  
Figure 3.25. TEM image of the as-formed 
gel formed by pentamer 2 in n-hexane 
Figure 3.26. TEM image of the as-formed 
gel formed by pentamer 2 in ethyl acetate 
  
Figure 3.27. TEM image of the as-formed 
gel formed by pentamer 2 in cyclohexane 
Figure 3.28. TEM image of the as-formed 
gel formed by pentamer 3 in ethyl acetate 
 
 
Figure 3.29. TEM image of the as-formed 





A micromorphological investigation by scanning electron microscope (SEM) 
technique reveals similar surface topographies in microstructure of the gels 
formed from the same solvent (Figure 3.30-3.33). While a highly porous surface 
with three-dimensional lattice of many voids and possibly channels is found for 
gels formed by both 2 and 3 in n-hexane (Figure 3.31 and 3.33), a smoother 
surface with much less voids embedded within the 3D lattice appears for those 
formed in ethyl acetate by 2 or 3 (Figure 3.30 and 3.32). Such an increase in 
porosity for gels formed in n-hexane should enhance the retention of solvent 
molecules, accounting for the lower MGC values dobtained in n-hexane 
compared to those in ethyl acetate (Table 3.1). 
 
Figure 3.30. SEM images of free-dried pentamer 2 xerogel from ethyl acetate. (The right 
image is at higher magnification.) 
 
Figure 3.31. SEM images of free-dried pentamer 2 xerogel from n-hexane. (The right image 




Figure 3.32. SEM images of free-dried pentamer 3 xerogel from ethyl acetate. (The right 
image is at higher magnification.) 
  
Figure 3.33. SEM images of free-dried pentamer 3 xerogel from n-hexane. (The right image 
is at higher magnification.) 
 
3.2.8 3D Arrangement Study of 1D H-aggregates Using 
Powder XRD 
To establish the 3D arrangement of 1D H-aggregates responsible for the fiber 
formation, powder X-ray diffraction (XRD) analysis was carried out. As-formed 
gels in ethyl acetate were coated on a glass plate and the solvent was slowly 
evaporated under ambient conditions for 5 hour and then vacuum drying (room 
temperature) for 1 hours. The glass plates with dry gels were fixed on a sample 
holder and subjected to XRD analysis at room temperature. Powder XRD 
patterns were recorded on a Bruker D8 Avance diffractometer using Cu 
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radiation (λ = 1.5406 Å). 
















Figure 3.34. XRD pattern of the xerogel formed by pentamer 3 
















Figure 3.35. XRD pattern of the xerogel formed by pentamer 2  
 
However, the obtained XRD data are of low resolution and do not allow for 
the unambiguous assignment of the packing pattern by 1D column. Still, the 
presence of predominant major peaks below 5 degree (Figure 3.35 and 3.36) 
may allow us to estimate the inter-penetrating depth by exterior side chains. 
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From 2θ=3.70o in Figure 3.34 for pentamer 3, the value of d100 spacing for gels 
formed by pentamer 3 can be calculated to be 23.86Å, corresponding to an 
inter-columnar distance of dhex=2.76 nm or dtetra=3.37 nm, respectively, for the 
hexagonal and tetragonal arrangements that are the two most common packing 
patterns. In light of a radius of ~2.13 nm for the 1D columns can be calculated to 
be about 0.75 nm and 0.45 nm, respectively, for the hexagonal and tetragonal 
arrangements. This suggests that the exterior dodecyl side chain may possibly 
penetrate into each other by a four- to seve-carbon linker length. 
Similarly, on the basis of the value for d100=18.70Å (2θ=4.72o, Figure 3.35) 
for gels formed by 2 and an overall radius of 1.76 nm for the 1D column by 2, 
an inter-columnar distance of dhex=2.16 nm and dtetra= 2.64 nm and so an 
overlapping of 0.57 nm and 0.33 nm among the exterior octyl side chains, 
respectively, for the hexagonal and tetragonal arrangements can be estimated, 
suggesting that the octyl side chains penetrate into each other highly likely by a 
three- to five-carbon linker length. 
 
3.3 Conclusion and Future Work 
In summary, a crystallographic observation of the H-bond enhanced 
intermolecular aggregation occurring in a 2D-shaped macrocyclic 
fluoropentamer enables us to rationally design two macrocyclic organogelators 
with high gelling abilities in organic solvents such as hexane, ethyl acetate, 
cyclohexane and dioxane. Varying the side chains and end groups of the 
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fluoropentamers has resulted in gelators with expanded and altered gelating 
abilities. Experimental analyses based on TEM and XRD data allows us to 
conclude that the gelling networks contain 3D entangled nanofibers formed from 
the inter-columnar association of 1D H-aggregates via hydrophobic interactions 
among inter-penetrating alkyl side chains. Noncovalent forces such as π-π 
stacking and van der Waals interactions should be the cause of the formation of 
fibrillar aggregates that lead to gelation.  
  Incorporating other exchangeable monomeric building blocks such as 
pyridone based monomers (to be discussed in Chapter 4) into these 
fluoropentamer should lead to diverse macrocycles of both cation-binding 
affinity and selectivity (Figure 3.36), which may finally result in the formation 
of chemical responsive gellators to special cations7, 18-19. 
Figure 3.36. Chemical structure of macrocyclic pentamers with mixed building blocks 





3.4 Experimental Section 
Octylboronic acid (2a) 
1-Bromooctane (1004 mg, 5.20 mmol) was added into a round 
bottom flask containing activated magnesium turnings (137 mg, 
5.70 mmol) and a few crystals of iodine in anhydrous THF. The reaction was 
heated under reflux for 12 hours and thereafter cooled to -78℃. Trimethyl borate 
(0.88 ml, 7.80 mmol) was then added to the freshly formed Grignard reagent at 
-78 ℃. The reaction was stirred for 3 hours with the temperature rising to room 
temperature. After the reaction, the reaction was neutralized with 1M HCl and 
THF was removed in vacuo. The compound extracted with diethyl ether (3 x 20 
ml). The pooled organic layer was dried over anhydrous Na2SO4 and removed in 
vacuo to give the crude product, which was then recrystallized from hexane to 
yield the pure product 2a as a white solid. Yield: 534 mg, 65%. 1H NMR (500 
MHz, CDCl3) δ 1.40 (dd, J = 14.4, 6.8 Hz, 2H), 1.34 – 1.29 (m, 10H), 0.90 (t, J 
= 6.9 Hz, 3H), 0.83 (t, J = 7.8 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 32.39, 
31.89, 29.41, 29.23, 24.35, 22.66, 14.09. (The carbon attached to boron atom 
can not be seen. ) 
 
Methyl 5-bromo-2-fluoro-3-nitrobenzoate (1c) 
 Methyl 2-fluoro-3-nitrobenzoate 1b (2.99 g, 15.00 







and TFA (15 mL), to which N-Bromosuccinimide (3.20 g, 18.00 mmol) was 
added. The mixture was heated at 45℃ for 6 hours. The reaction mixture was 
then poured into ice water. Collecting the precipitate gave the crude product, 
which was then recrystallized from MeOH to yield the pure product 3b as a 
white solid. Yield: 3.59 g, 86%. 1H NMR (500 MHz, CDCl3) δ 8.34 – 8.31 (m, 
2H), 4.01 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 161.94 (d, J = 3.8 Hz), 153.85 
(d, J = 277.5 Hz), 139.77, 132.43 (d, J = 2.5 Hz), 123.10 (d, J = 11.3 Hz), 
116.20 (d, J = 5.0 Hz), 53.34. 19F NMR (282 MHz, CDCl3) δ -118.72 (s, 1F). 
HRMS-EI: calculated for [M]+ (C8H5O4N1F1779Br1): m/z 276.9386 found: m/z 
276.9388, calculated for [M]+ (C8H5O4N1F1781Br1): m/z 278.9366 found: m/z 
276.9370. 
 
Methyl 2-fluoro-3-nitro-5-octylbenzoate (2b) 
Compound 1c (3.34 g, 12.00 mmol), 2a (2.28 g, 14.40 
mmol) and K2CO3 (4.97 g, 36.00 mmol) was dissolved 
in toluene/H2O (60 mL/20 mL) and protected in an 
atmosphere of nitrogen. Pd(PPh3)4 (0.13 g) was then dissolved in toluene (2.0 ml) 
and added to the above mixture. The reaction was stirred at 90 oC for 30 hours. 
Thereafter, the toluene was removed in vacuo and the compound was extracted 
with CH2Cl2 (3 x 50 ml). The pooled organic layer was dried over anhydrous 
Na2SO4 and removed in vacuo to give the crude product, which was subjected to 







yellow liquid Yield: 2.80 g, 75%. 1H NMR (500 MHz, CDCl3) δ 7.95 (dd, J = 
5.8, 2.4 Hz, 1H), 7.92 (dd, J = 6.3, 2.4 Hz, 1H), 3.91 (s, 3H), 2.65 (t, J = 6.9 Hz, 
2H), 1.60 (dt, J = 15.5, 7.7 Hz, 2H), 1.27 – 1.20 (m, 10H), 0.81 (t, J = 7.0 Hz, 
3H). 13C NMR (125 MHz, CDCl3) δ 163.20 (d, J = 3.8 Hz), 152.81 (d, J = 273.8 
Hz), 139.32 (d, J = 6.3 Hz), 138.23 (d, J = 8.8 Hz), 136.65, 129.06 (d, J = 2.5 
Hz), 120.93 (d, J = 10.0 Hz), 52.65, 34.56, 31.63, 30.72, 29.12, 28.98, 28.85, 
22.45, 13.84. 19F NMR (282 MHz, CDCl3) δ -121.81 (s, 1F). HRMS-EI: 
calculated for [M]+ (C16H22O4N1F1): m/z 311.1533 found: m/z 311.1532. 
 
2-fluoro-3-nitro-5-octylbenzoic acid (2c) 
Compound 2b (1.56 g, 5.00 mmol) was dissolved in hot 
dioxane (20 mL) to which 1M NaOH (10.00 mL, 10.00 
mmol) was added. The mixture was heated under reflux 
for 2 hours. Thereafter, dioxane was removed in vacuo and H2O (100 mL) was 
added. The solution was acidified with 1M HCl (15.00 mL). The resulting 
suspension was then filtered and the solid was dried under vacuum to yield the 
pure product 2c as a yellow solid. Yield: 1.35 g, 91%. 1H NMR (500 MHz, 
CDCl3) δ 8.12 (s, 1H), 8.07 (d, J = 4.9 Hz, 1H), 2.74 (t, J = 6.9 Hz, 2H), 1.68 (dt, 
J = 15.5, 7.7 Hz, 2H), 1.35 – 1.29 (m, 10H), 0.91 (t, J = 6.9 Hz, 3H). 13C NMR 
(125 MHz, CDCl3) δ 167.75 (d, J = 5.0 Hz), 153.70 (d, J = 276.3 Hz), 139.66 (d, 
J = 5.0 Hz), 138.55 (d, J = 8.75 Hz), 137.31, 130.35, 119.94 (d, J = 8.8 Hz), 
34.77, 31.79, 30.88, 29.27, 29.13, 29.00, 22.62, 14.05. 19F NMR (282 MHz, 
93 
 
CDCl3) δ -120.64 (s, 1F). HRMS-ESI: calculated for [M-H]- (C15H19O4 N1F1)：
m/z 296.1304, found: m/z 296.1289. 
 
Methyl 2-fluoro-3-(2-fluoro-3-nitro-5-octylbenzamido)-5-octylbenzoate (2d) 
To a solution of 2b (467 mg, 1.50 mmol) and iron 
(336 mg, 6.00 mmol) in EtOH (15 mL) was added 
acetate acid (1.0 mL). The reaction was heated 
under reflux for 2 hours. After cooling, the solvent was evaporated and the 
residue was dissolved in CH2Cl2 (50 mL) and washed with water and Brine. The 
organic layer was dried over anhydrous Na2SO4. Evaporation of the solvent gave 
the amine product, which was directly used in the next step without purification. 
A solution of 2c (683 mg, 2.30 mmol) in SOCl2 (8.0 mL) was heated under 
reflux for 4 hours. After the removal of SOCl2, the amine product and pyridine 
(0.44 mL, 4.60 mmol) in dry CH2Cl2 (20 mL) were added to the residue. The 
reaction was allowed to proceed for 4 hours. After washing with 1M HCl 
solution, aqueous sat. NaHCO3 and Brine, the organic layer was dried over 
anhydrous Na2SO4 to give the crude product, which was subjected to column 
purification (1: 6 EA:Hexane) to yield the pure product 2d as a white solid. 
Yield: 655 mg, 78%. 1H NMR (500 MHz, CDCl3) δ 8.66 (dd, J = 13.6, 3.3 Hz, 
1H), 8.46 (dd, J = 6.5, 1.9 Hz, 1H), 8.21 (dd, J = 6.1, 2.3 Hz, 1H), 8.00 (dd, J = 
6.8, 2.4 Hz, 1H), 7.52 (dd, J = 6.5, 2.2 Hz, 1H), 3.94 (s, 3H), 2.74 (t, J = 6.9 Hz, 












20H), 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 164.49 (d, J = 3.8 
Hz), 159.68 (d, J = 3.8 Hz), 151.43 (d, J = 260.0 Hz), 150.29 (d, J = 255.0 Hz), 
140.63 (d, J = 3.8 Hz), 139.26 (d, J = 3.8 Hz), 137.88 (d, J = 11.25 Hz), 136.89, 
129.09, 126.73, 126.50 (d, J = 11.25 Hz), 126.19, 123.36 (d, J = 11.25 Hz), 
118.01 (d, J = 8.8 Hz), 52.41, 35.46, 34.86, 31.82, 31.77, 31.29, 30.81, 29.36, 
29.25, 29.18, 29.17, 29.10, 28.98, 22.61, 22.59, 14.02, 14.04. 19F NMR (282 
MHz, CDCl3) δ -126.58 (s, 1F), -132.47 (s, 1F). HRMS-ESI: calculated for 




To a solution of 2d (448 mg, 0.80 mmol) and 
iron (224 mg, 4.00 mmol) in EtOH (12 mL) 
was added acetate acid (0.8 mL). The reaction 
was heated under reflux for 2 hours. After cooling, the solvent was evaporated 
and the residue was dissolved in CH2Cl2 (50 mL) and washed with water and 
Brine. The organic layer was dried over anhydrous Na2SO4. Evaporation of the 
solvent gave the amine product, which was directly used in the next step without 
purification. A solution of 2c (356 mg, 1.20 mmol) in SOCl2 (7.0 mL) was 
heated under reflux for 4 hours. After the removal of SOCl2, the amine product 
and pyridine (0.23 mL, 2.40 mmol) in dry CH2Cl2 (12 mL) were added to the 


















1M HCl solution, aqueous sat. NaHCO3 and Brine, the organic layer was dried 
over anhydrous Na2SO4 to give the crude product, which was subjected to 
column purification (1: 6 EA:Hexane) to yield the pure product 2e as a white 
solid. Yield: 460 mg, 71%. 1H NMR (500 MHz, CDCl3) δ 8.69 (dd, J = 14.6, 3.7 
Hz, 1H), 8.64 (dd, J = 14.1, 3.0 Hz, 1H), 8.56 (dd, J = 6.5, 1.8 Hz, 1H), 8.45 (dd, 
J = 7.0, 1.8 Hz, 1H), 8.25 (dd, J = 6.2, 2.3 Hz, 1H), 8.04 (dd, J = 6.8, 2.3 Hz, 
1H), 7.73 (dd, J = 7.1, 2.1 Hz, 1H), 7.50 (dd, J = 6.5, 2.2 Hz, 1H), 3.95 (s, 3H), 
2.75 (t, J = 6.9 Hz, 2H), 2.70 (t, J = 6.9 Hz, 2H), 2.5 (t, J = 6.9 Hz, 2H), 1.71 – 
1.62 (m, 6H), 1.33 – 1.27 (m, 30H), 0.90 – 0.87 (m, 9H). 13C NMR (125 MHz, 
CDCl3) δ 164.66 (d, J = 2.5 Hz), 160.98 (d, J = 2.5 Hz), 159.78 (d, J = 2.5 Hz), 
151.49 (d, J = 260.0 Hz), 150.15 (d, J = 255.0 Hz), 149.26 (d, J = 241.3 Hz), 
140.78 (d, J = 5.0 Hz), 140.50 (d, J = 3.8 Hz), 139.26 (d, J = 5.0 Hz), 137.90 (d, 
J = 10.0 Hz), 137.01, 129.28, 127.01 (d, J = 11.3 Hz), 126.76, 126.36, 126.16, 
126.01, 125.93 (d, J = 11.3 Hz), 123.19 (d, J = 11.3 Hz), 120.55 (d, J = 10.0 Hz), 
117.84 (d, J = 8.8 Hz), 52.41, 35.56, 35.54, 34.91, 31.85, 31.79, 31.35, 31.24, 
30.84, 29.40, 29.28, 29.22, 29.20, 29.18, 29.13, 29.02, 22.64, 22.62, 14.07, 
14.05. 19F NMR (282 MHz, CDCl3) δ -126.64 (s, 1F), -133.12 (s, 1F), -135.76 (s, 







 To a solution of 2e (405 mg, 0.50 mmol) and 
iron (112 mg, 2.00 mmol) in EtOH (10 mL) 
was added acetate acid (0.5 mL). The reaction 
was heated under reflux for 2 hours. After 
cooling, the solvent was evaporated and the residue was dissolved in CH2Cl2 (60 
mL) and washed with water and Brine. The organic layer was dried over 
anhydrous Na2SO4. Evaporation of the solvent gave the amine product, which 
was directly used in the next step without purification. A solution of 2c (238 mg, 
0.80 mmol) in SOCl2 (5 mL) was heated under reflux for 4 hours. After the 
removal of SOCl2, the amine product and pyridine (0.15 mL, 1.60 mmol) in dry 
CH2Cl2 (12 mL) were added to the residue. The reaction was allowed to proceed 
for 4 hours. After washing with 1M HCl solution, aqueous sat. NaHCO3 and 
Brine, the organic layer was dried over anhydrous Na2SO4 to give the crude 
product, which was subjected to column purification (1: 6 EA:Hexane) to yield 
the pure product 2f as a white solid. Yield: 402 mg, 76%. 1H NMR (500 MHz, 
CDCl3/DMSO-d6=5/1) δ 12.79 (s, 1H), 12.73 (s, 1H), 12.69 (s, 1H), 9.10 (s, 
2H), 8.95 (s, 1H), 8.53-8.46 (m, 4H), 8.31 (s, 1H), 4.24 (t, J = 6.9 Hz, 2H), 
4.21-4.08 (m, 7H), 4.04 (t, J = 6.9 Hz, 2H), 1.78 (s, 8H), 1.34 – 1.22 (m, 40H), 
0.84 (q, J = 6.7 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ164.59 (d, J = 2.5 Hz), 
161.11 (d, J = 2.5 Hz), 161.02 (d, J = 3.8 Hz), 159.85 (d, J = 1.3 Hz), 151.46 (d, 
J = 260.0 Hz), 150.14 (d, J = 253.8 Hz), 149.35 (d, J = 241.3 Hz), 149.04 (d, J = 





















139.25 (d, J = 5.0 Hz), 137.91 (d, J = 11.3 Hz), 137.00, 129.26, 127.05 (d, J = 
10.0 Hz), 126.89, 126.63, 126.47, 126.37, 126.08, 126.05, 126.00, 126.93, 
126.83, 123.20 (d, J = 11.3 Hz), 120.34 (t, J = 10.0 Hz), 117.75 (d, J = 8.8 Hz), 
52.38, 35.59, 35.54, 35.53, 34.89, 31.84, 31.78, 31.34, 31.25, 31.23, 30.83, 
29.67, 29.39, 29.27, 29.20, 39.11, 29.00, 22.63, 22.60, 14.06, 14.03. 19F NMR 
(282 MHz, CDCl3) δ -126.47 (s, 1F), -133.32 (s, 1F), -135.52 (s, 1F), -136.34 (s, 






 To a solution of 2f (318 mg, 0.30 mmol) 
and iron (112 mg, 2.00 mmol) in EtOH (12 
mL) was added acetate acid (0.4 mL). The 
reaction was heated under reflux for 2 hours. 
After cooling, the solvent was evaporated 
and the residue was dissolved in CH2Cl2 (60 mL) and washed with water and 
Brine. The organic layer was dried over anhydrous Na2SO4. Evaporation of the 
solvent gave the amine product, which was directly used in the next step without 
purification. A solution of 2c (178 mg, 0.60 mmol) in SOCl2 (5 mL) was heated 

























pyridine (0.11 mL, 1.20 mmol) in dry CH2Cl2 (12 mL) were added to the residue. 
The reaction was allowed to proceed for 4 hours. After washing with 1M HCl 
solution, aqueous sat. NaHCO3 and Brine, the organic layer was dried over 
anhydrous Na2SO4 to give the crude product, which was subjected to column 
purification (1: 6 EA:Hexane) to yield the pure product 2g as a white solid. 
Yield: 267 mg, 68%. 1H NMR (500 MHz, CDCl3) δ 8.80 – 8.40 (m, 8H), , 8.24 
(d, J = 5.8 Hz, 1H), 8.01 (d, J = 6.6 Hz, 1H), 7.78 – 7.74 (m, 1H), 7.74 – 7.68 (m, 
2H), 7.48 (dd, J = 6.1, 1.5 Hz, 1H), 3.88 (s, 3H), 2.77 – 2.62 (m, 10H), 1.72 – 
1.62 (d, J = 7.1 Hz, 10H), 1.34 – 1.20 (m, 50H), 0.90 – 0.85 (m, 15H). 13C NMR 
(125 MHz, CDCl3) δ 164.46 (d, J = 3.8 Hz), 163.10 (d, J = 2.5 Hz), 161.27 (d, J 
= 3.8 Hz), 161.15 (d, J = 3.8 Hz), 159.85 (d, J = 3.8 Hz), 151.47 (d, J = 257.5 
Hz), 150.17 (d, J = 253.8 Hz), 149.30 (d, J = 242.5 Hz), 149.20 (d, J = 241.3 
Hz), 149.14 (d, J = 241.3 Hz), 145.44,  140.73 (d, J = 3.8 Hz), 140.55 (d, J = 
2.5 Hz), 140.49, 140.43 (d, J = 2.5 Hz), 139.27, 137.89 (d, J = 3.8 Hz), 136.98, 
131.51 (d, J = 2.5 Hz), 129.18 (d, J = 8.8 Hz), 126.46 (d, J = 11.3 Hz), 126.07, 
125.94 (d, J = 5.0 Hz), 125.62 (d, J = 2.5 Hz), 125.50, 125.12, 123.30 (d, J = 
11.3 Hz), 120.48 (d, J = 2.5 Hz), 120.39 (d, J = 3.8 Hz), 120.32 (d, J = 3.8 Hz), 
117.63 (d, J = 8.8 Hz), 52.24, 35.82, 35.60, 34.89, 31.86, 31.79, 31.34, 31.27, 
30.84, 29.69, 29.42, 29.27, 29.22, 29.13, 29.03, 22.65, 14.08. 19F NMR (282 
MHz, CDCl3) δ -126.40 (s, 1F), -133.80 (s, 1F), -135.56 (s, 1F), -136.03 (s, 1F), 
-136.14 (s, 1F). HRMS-ESI: calculated for [M-H]- (C76H101O8N5F5)：m/z 




To a solution of 2g (156 mg, 0.15 mmol) and 
iron (56 mg, 1.00 mmol) in EtOH (12 mL) was 
added acetate acid (0.4 mL). The reaction was 
heated under reflux for 2 hours. After cooling, 
the solvent was evaporated and the residue was dissolved in CH2Cl2 (60 mL) 
and washed with water and Brine. The organic layer was dried over anhydrous 
Na2SO4. Evaporation of the solvent gave the amine product 2h, which was 
directly used in the next step without purification. Compound 2h was dissolved 
in hot dioxane (20 mL) to which 1M KOH (0.60 mL, 0.60 mmol) was added. 
The mixture was heated under reflux for 6 hours and then quenched with water 
(40 mL). The aqueous layer was neutralized with 1M KHSO4 (0.60 mL). 
dioxane was then removed in vacuo and the precipitated crude product 2i was 
collected by filtration and dried in the oven, which was directly used in the next 
step without further purification. Compound 2i (0.15 mmol) and BOP (133 mg, 
0.30 mmol) were dissolved in CH2Cl2 (10 ml) and stirred for 30 minutes. DIEA 
(0.11 ml, 0.60 mmol) was then added and the reaction mixture was stirred 
continuously for 24 hours at room temperature. Another portion of CH2Cl2 
(50mL) was added to the reaction mixture. The reaction mixture were washed 
with H2O (3 x 100 mL) and dried over anhydrous Na2SO4 to give the crude 
product, which was recrystallized from methanol and purified by column (1:2 




























22%. 1H NMR (500 MHz, CDCl3) δ 9.22-8.99 (m, 5H), 8.79-8.57 (m, 5H), 
7.84-7.63 (m, 5H), 2.86 – 2.56 (m, 10H), 1.66 (dt, J = 15.5, 7.7 Hz, 10H), 
1.40-1.27 (m, 50H), 0.93-0.87 (m, 15H). 13C NMR (125 MHz, CDCl3) δ 160.18, 
148.72 (d, J = 238.8 Hz), 140.89, 126.83 (d, J = 12.5 Hz), 125.50, 125.16, 
119.08 (d, J = 7.5 Hz), 35.72, 31.90, 31.22, 29.48, 29.38, 29.28, 22.67, 14.08. 
19F NMR (282 MHz, CDCl3) δ -137.27 (s, 5F). HRMS-ESI: calculated for 
[M+K]+ (C75H100O5N5F5K)：m/z 1284.7276, found: m/z 1284.7271. 
 
Circular pentamer 3 was prepared in the same way as pentamer 2 described 
above. The characterizations of various intermediates were shown below. 
 
Dodecylboronic acid (3a) 
 Yield: 6.2 g, 22%. 1H NMR (500 MHz, CDCl3) δ 1.38 (dd, J 
= 14.4, 6.8 Hz, 2H), 1.34 – 1.18 (m, 18H), 0.88 (t, J = 6.9 Hz, 
3H), 0.81 (t, J = 7.8 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 32.39, 31.91, 29.68, 
29.67, 29.63, 29.57, 29.45, 29.34, 24.36, 22.67, 14.08. (The carbon attached to 
boron atom can not be seen. ) 
 
Methyl 5-dodecyl-2-fluoro-3-nitrobenzoate (3b) 
 Yield: 5.3 g, 60%. 1H NMR (300 MHz, CDCl3) δ 
8.02-7.93 (m, 2H), 3.97 (s, 3H), 2.68 (t, J = 6.9 Hz, 2H), 









0.89 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 163.44 (d, J = 3.8 Hz), 
152.94 (d, J = 273.8 Hz), 139.34 (d, J = 6.0 Hz), 136.79, 138.30 (d, J = 9.0 Hz), 
129.21 (d, J = 2.3 Hz), 121.01 (d, J = 10.5 Hz), 52.87, 34.67, 31.82, 30.83, 
29.54, 29.53, 29.51, 29.39, 29.25, 29.24, 28.93, 22.60, 14.02. 19F NMR (282 
MHz, CDCl3) δ -121.84 (s, 1F). HRMS-FAB: calculated for [M+H]+ 
(C20H31O4N1F1)：m/z 368.2232, found: m/z 368.2249. 
 
5-dodecyl-2-fluoro-3-nitrobenzoic acid (3c) 
 Yield: 3.7 g, 93%. 1H NMR (500 MHz, CDCl3) δ 8.12 (dd, 
J = 5.7, 2.3 Hz, 1H), 8.07 (dd, J = 6.2, 2.3 Hz, 1H), 2.74 (t, 
J = 6.9 Hz, 2H), 1.69 (dt, J = 15.2, 7.5 Hz, 2H), 1.39 – 1.26 
(m, 18H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, 
CDCl3) δ 167.72 (d, J = 3.8 Hz), 153.69 (d, J = 276.3 Hz), 139.65 (d, J = 5.0 
Hz), 138.55 (d, J = 8.8 Hz), 137.27, 130.36, 119.89 (d, J = 8.8 Hz), 67.02, 34.76, 
31.89, 30.87, 29.61, 29.60, 29.57, 29.46, 29.32, 29.30, 28.99, 22.66, 14.08. 19F 
NMR (282 MHz, CDCl3) δ -120.54 (s, 1F). HRMS-ESI: calculated for [M-H]- 




 Yield: 1.3 g, 71%. 1H NMR (500 MHz, CDCl3) δ 8.67 (dd, J = 13.3, 3.1 Hz, 







– 7.47 (m, 1H), 3.91 (s, 3H), 2.70 (t, J = 
7.7 Hz, 2H), 2.61 (t, J = 7.8 Hz, 2H), 
1.69 – 1.57 (m, 4H), 1.36 – 1.19 (m, 
36H), 0.85 (t, J = 6.9 Hz, 6H). 13C NMR 
(125 MHz, CDCl3) δ 164.41(d, J = 3.8 Hz), 159.69 (d, J = 2.5 Hz), 151.43 (d, J 
= 261.3 Hz), 150.31 (d, J = 253.8 Hz), 140.58 (d, J = 5.0 Hz), 139.20 (d, J = 5.0 
Hz), 137.83 (d, J = 10.0 Hz), 136.81, 129.03, 126.68, 126.53 (d, J = 11.3 Hz), 
126.18, 123.43 (d, J = 11.3 Hz), 117.96 (d, J = 7.5 Hz), 52.35, 35.46, 34.85, 
31.90, 31.89, 31.30, 30.82, 29.65, 29.62, 29.60, 29.59, 29.55, 29.47, 29.43, 
29.34, 29.32, 29.21, 29.02, 22.66, 14.05. 19F NMR (282 MHz, CDCl3) δ -126.54 
(s, 1F), -132.44 (s, 1F). HRMS-ESI: calculated for [M-H]- (C39H57O5N2F2)：m/z 




 Yield: 880 mg, 56%. 1H NMR (500 
MHz, CDCl3) δ 8.75-8.63 (m, 2H), 8.54 
(dd, J = 6.7, 2.2 Hz, 1H), 8.43 (dd, J = 
6.4, 2.0 Hz, 1H), 8.22 (dd, J = 6.7, 2.2 
Hz, 1H), 8.02 (dd, J = 6.4, 2.2 Hz, 1H), 7.71 (dd, J = 6.7, 2.2 Hz, 1H), 7.48 (dd, 
J = 6.4, 2.0 Hz, 1H), 3.93 (s, 3H), 2.73 (t, J = 7.7 Hz, 2H), 2.67 (t, J = 7.7 Hz, 

















0.87 (t, J = 6.5 Hz, 9H). 13C NMR (125 MHz, CDCl3) δ 164.59 (d, J = 3.8 Hz), 
160.91 (d, J = 2.5 Hz), 159.74 (d, J = 2.5 Hz), 151.45 (d, J = 260.0 Hz), 150.10 
(d, J = 255.0 Hz),  149.22 (d, J = 242.5 Hz), 140.72 (d, J = 5.0 Hz), 140.43 (d, 
J = 3.8 Hz), 139.21 (d, J = 3.8 Hz), 137.84 (d, J = 10.0 Hz), 136.94, 129.21, 
126.98 (d, J = 10.0 Hz) , 126.70, 126.29, 126.09, 125.94, 125.84, 123.19 (d, J = 
11.3 Hz), 120.48 (d, J = 10.0 Hz), 117.77 (d, J = 7.5 Hz), 52.34, 35.53, 35.51, 
34.87, 31.88, 31.87, 31.32, 31.20, 30.81, 29.63, 29.60, 29.58, 29.57, 29.53, 
29.52, 29.45, 29.42, 29.31, 29.30, 29.21, 29.17, 29.00, 22.64, 14.05. 19F NMR 
(282 MHz, CDCl3) δ -126.61 (s, 1F), -133.11 (s, 1F), -135.75 (s, 1F). 





Yield: 835 mg, 77%. 1H NMR 
(500 MHz, CDCl3) δ 8.76-8.61 
(m, 3H), 8.56 (dd, J = 12.7, 6.0 
Hz, 2H), 8.46 (d, J = 5.7 Hz, 1H), 
8.26 (dd, J = 5.8, 2.0 Hz, 1H), 
8.04 (dd, J = 6.7, 2.1 Hz, 1H), 7.80 – 7.75 (m, 1H), 7.73 – 7.68 (m, 1H), 7.50 
(dd, J = 6.3, 1.8 Hz, 1H), 3.94 (s, 3H), 2.75 (t, J = 7.7 Hz, 2H), 2.68 (dd, J = 
15.6, 8.0 Hz, 4H), 2.65 (t, J = 7.7 Hz, 2H), 1.71-1.63 (m, 8H), 1.36 – 1.24 (m, 
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72H), 0.87 (t, J = 6.9 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ 164.55 (d, J = 
2.5 Hz), 161.07 (d, J = 2.5 Hz), 160.99 (d, J = 2.5 Hz), 159.83 (d, J = 2.5 Hz), 
151.45 (d, J = 260.0 Hz), 150.11 (d, J = 255.0 Hz), 149.33 (d, J = 242.5 Hz), 
149.02 (d, J = 241.3 Hz), 140.72 (d, J = 5.0 Hz), 140.52 (d, J = 3.8 Hz), 140.40 
(d, J = 3.8 Hz), 139.22 (d, J = 5.0 Hz), 137.87 (d, J = 10.0 Hz), 136.95, 129.20, 
127.05 (d, J = 10.0 Hz), 126.84, 126.59, 126.40 (d, J = 12.5 Hz), 126.04, 126.01, 
125.97, 125.87 (d, J = 11.3 Hz), 123.21 (d, J = 11.3 Hz), 120.32 (t, J = 10.0 Hz), 
117.71 (d, J = 8.8 Hz), 52.34, 35.58, 35.52, 34.87, 31.88, 31.87, 31.32, 31.23, 
31.21, 30.81, 29.63, 29.62, 29.61, 29.58, 29.57, 29.53, 29.45, 29.42, 29.32, 
29.30, 29.21, 29.20, 29.19, 29.01, 22.64, 14.05. 19F NMR (282 MHz, CDCl3) δ 
-126.47 (s, 1F), -133.31 (s, 1F), -135.49 (s, 1F), -136.33 (s, 1F). HRMS-ESI: 





 Yield: 715 mg, 87%. 1H NMR (500 MHz, 
CDCl3) δ 8.79-8.62 (m, 4H), 8.58 – 8.41 
(m, 4H), 8.21 (d, J = 12.4 Hz, 1H), 7.97 
(d, J = 5.5 Hz, 1H), 7.72 (d, J = 5.5 Hz, 
1H), 7.69 – 7.61 (m, 2H), 7.43 (d, J = 5.4 

























90H), 0.87 (t, J = 6.7 Hz, 15H). 13C NMR (125 MHz, CDCl3) δ 167.66, 164.35, 
161.16, 161.06, 159.79, 151.42 (d, J = 260.0 Hz), 150.09 (d, J = 256.3 Hz), 
149.24 (d, J = 242.5 Hz), 149.10 (d, J = 241.3 Hz), 149.03 (d, J = 241.3 Hz), 
140.60 (d, J = 3.8 Hz), 140.44 (d, J = 3.8 Hz), 140.39, 140.32, 139.20 (d, J = 3.8 
Hz), 137.72, 137.64, 136.89, 132.41, 130.79, 129.09, 128.73, 127.04 (d, J = 10.0 
Hz), 126.74, 126.44, 126.34, 126.13, 125.94, 125.84, 124.40, 123.91, 123.30 (d, 
J = 11.3 Hz), 120.26 (d, J = 3.8 Hz), 120.20 (d, J = 2.5 Hz), 120.15 (d, J = 2.5 
Hz) 117.48 (d, J = 7.5 Hz), 68.08, 52.17, 38.68, 35.55, 35.50, 34.83, 31.87, 
31.37, 31.31, 31.21, 30.78, 30.31, 31.04, 29.62, 29.60, 29.57, 29.55, 29.53, 
29.42, 29.31, 29.28, 29.22, 29.21, 29.01, 28.87, 23.70, 22.92, 22.63, 14.04, 
13.98, 10.89. 19F NMR (282 MHz, CDCl3) δ -126.41 (s, 1F), -133.82 (s, 1F), 
-135.61 (s, 1F), -136.05 (s, 1F), -136.15 (s, 1F). HRMS-ESI: calculated for 
[M-H]- (C96H141O8N5F5)：m/z 1587.0706, found: m/z 1587.0688. 
 
Pentamer 3 
 Yield: 99 mg, 18%. 1H NMR 
(500 MHz, CDCl3) δ 9.19-9.01 
(m, 5H), 8.77-8.60 (m, 5H), 
7.82-7.66 (m, 5H), 2.87 – 2.55 (m, 
10H), 1.65 (dt, J = 15.5, 7.7 Hz, 
10H), 1.35-1.22 (m, 90H), 
0.93-0.87 (m, 15H). 13C NMR (125 MHz, CDCl3) δ 160.20, 148.72 (d, J = 238.8 
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Hz), 140.90, 126.84 (d, J = 11.3 Hz), 125.51, 125.17, 119.08 (d, J = 10.0 Hz), 
35.73, 31.93, 31.23, 29.71, 29.68, 29.64, 29.61, 29.53, 29.50, 29.37, 22.69, 
14.09. 19F NMR (282 MHz, CDCl3) δ -137.11 (s, 5F). HRMS-ESI: calculated 
for [M+K]+ (C95H140O5N5F5K)：m/z 1565.0406, found: m/z 1565.0367. 
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Pyridone-based Aromatic Pentamers: High 
Affinity Cation Recognition, Ion-Pair Induced 




  One-dimensional (1D) fibers or nanotubes assembled from organic molecules 
are promising materials1 for applications as diverse as nanodevices1d, 1h, i, 
sensors2, and water transporters3. These organic columnar aggregates are 
predominantly stabilized by hydrogen-bonding or π-π stacking forces, or a 
combination of both1d-j.  
Although metal ions can offer unique properties and geometries for functional 
diversification, metal-ligand coordination bonds have received comparatively 
much less attention in the construction of fibrillar materials4 derived from 
acyclic or macrocyclic organic molecules1a-c. On the other hand, macrocyclic 
molecules suitable for constructing metal-containing 1D materials are 
particularly limited and mostly rely on G-quartet and its derivatives1c, 5, Schiff 





4.1.2 Metal-containing 1D Materials Assembled from 
G-quartet and Its Derivatives 
 
Figure 4.1. (1) The G-quartet and (2) a space-filling model showing a G-quartet with a 
K+ bound above the plane of the G-quartet. (Reproduced with permission from [8]. 
Copyright 2004 Wiley-VCH.) 
 
Figure 4.2. Scheme that illustrates the 1D columnar self-assembly of G-quartet. 
(Reproduced with permission from [1c]. Copyright 2007 Royal Society of Chemistry.) 
  G-quartet was formed by 8 intermolecular hydrogen bonds between 
complementary Watson-Crick and Hoogsteen edges of neighboring guanines1c 
(Fig 4.1 (1)). The structure was stablized by the exsistence of Na+ or K+ which 
coordinated to the four carbonyl oxygens in each G-quartet8 (Fig 4.1 (2)). With 
the cooperation of hydrogen bonding, π-π stacking and cation-dipole interaction, 
G-quartet will self-assemble into 1D columnar structure, which has been 




with diverse functions such as ion channels9, molecular electronics10. 
 
4.1.3 Metal-containing 1D Materials Assembled from Schiff 
Base Macrocycles 
 
Figure 4.3. Plausible structure of complexes between metallohost macrocycles with 
alkali metal cations. (Reproduced with permission from [6c]. Copyright 2010 Royal 
Society of Chemistry.) 
A typical example of metal-containing 1D assembly from shiff base 
macrocycles was introduced by Nebeshima6c et al. in 2010. As shown in Figure 
4.3, because of the negative charges, the phenoxo groups tend to coordinate to 
another cation to form a rigid and planr metallohost with the help of another 
salen ligand, which greatly enhances the ion recognition ability towards alkali 
metal in the O6 site. The metallohost is suitable for Na+ which could be seated at 
the center of the macrocycle. But when the metallohost binds to larger cations 





4.1.4 Metal-containing 1D Materials Assembled from 
Porphyrin and Its Analogs 
 
 
Figure 4.4. (1) Chemical structure of porphyrin macrocycle. (2) Photographs showing 
the thixotropic behavior of Decalin gel of the porphyrin macrocycle and its TEM image: 
(a) the Decalin gel, (b) shaking the gel with a vibrator, (c) leaving the gel for several 
seconds, (d) the regenerated gel state, and (e) TEM image of the Decalin gel. 
(Reproduced with permission from [7d]. Copyright 2005 American Chemical Society.) 
 
A typical example of metal-containing 1D assembly from porphyrin analogs 
was introduced by Shinkai7d et al. in 2005. Due to the hydrogen bond between 
the amide sidechain and porphyrin π-π stacking, the macrocyle is able to 
successfully trigger molecular aggregation leading to formation of very 
transparent gels in cyclohexane and decalin (Figure 4.4). In addition, the 
distance between 1-D arranged molecule is suitable for the topochemical 
reaction among the peripheral diacetylene groups. Therefore, these 1-D 
columnar aggregates also served as an excellent template for the synthesis of 
highly elongated polydiacetylens with a unimolecularly stacked array. 





cation-mediated where cations either are sandwiched between macrocycles1c, 5, 8 
or form additional coordination bonds directly and vertically with the 
neighboring macrocyclic ligands7a, 7c-e, while ion pair-induced 1D columnar 
aggregation7a is very scarce. 
In this chapter, we will introduce a new class of planar fivefold-symmetric 
macrocyclic pentamers whose appropriately-sized interior is decorated by five 
carbonyl oxygens that display high affinity bindings toward alkali metal ions 
through metal-oxygen interatomic interactions. And cation- or scarcely reported 
ion pair-induced fibrillation thus results from these high affinity bindings and 
planar geometry. 
 
4.2 Result and Discussion 
4.2.1 Ab initio Molecular Modeling at the B3LYP/6-31G* 
Level for Conformational Search 
As illustrated in Figure 4.5(a), pentameric molecules 1 and 2 we designed are 
made of five alkylated 4(1H)-pyridone motifs meta-linked by secondary amide 
groups. Both carbonyl oxygens and amide protons point inward to form a 
continuous intramolecularly H-bonded network in a way such that the 
H-bonding rigidified backbone becomes increasingly curved and eventually 
cyclizable to arrive at a pentagon shape11. Ab initio calculation at the 
B3LYP/6-31G* level on pentamers 1 and 2 shows that such a pentagon shape 
not only demonstrates a perfect planar structure but also encloses a hydrophilic 
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oxygen-containing cavity of 2.85 Å, near-identical to the average coordination 
bond distance between K+ ions and covalently bound oxygen atoms (Figure 
4.5(2)). These convergently aligned, properly spaced oxygens should therefore 
suggest high-affinity cooperative recognition of the alkali metal ions by 
pentameric molecules 1 and 2. Additionally, the planar geometry in 1 and 2 
should promote the formation of cation- or ion pair-mediated 1D stacked 
structures under suitable conditions.  
 
 
Figure 4.5. (1) Chemical structures of pentamers 1 and 2. (2) Top and side views of 
computationally optimized structures for 1 and 2 with their exterior side chains replaced 
by methyl groups at the B3LYP/6-31G* level, illustrating fivefold-symmetric planarity 
in 1 and 2. 
 
4.2.2 Ab initio Molecular Modeling at the B3LYP/6-31G* 
Level for Complexes formed between 1 or 2 and Li+, Na+, K+, 
Rb+ and Cs+ 
  Ab initio calculation at the B3LYP/6-31G* level for complexes between 
  (1)                                                                          (2)                 
 2.85 Å 
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pentamers 1 or 2 and its akali metal complex shows that cations with radius less 
than 1.4 Å (Li+, Na+, K+) are located within the cavity and coplanar with the 
pentamreic backbone of pentamer 1 or 2; cations with radius more than 1.4 Å 
(Rb+ and Cs+) will stay out of the planar backbone. Noteworthy, Cs+ ions, being 
largest in size, are more capable of forming and stabilizing sandwiched 
assemblies with respect to all the other ions that essentially stay coplanar with 
the pentameric backbone. 
 
 
Figure 4.6. Computationally optimized geometry for complexes formed between 







4.2.3 Synthesis of Macrocyclic Pyridone Pentamers 
4.2.3.1 Stepwise Synthesis of Cyclic Pentamer 1 and 2 
Unlike the method used in Chapter 2 and 3, starting from the commercially 
available diethyl 3-oxopentanedioate the oligomers of pentamer 1 and 2 were 
synthesized through step-wise construction strategy using HBTU-mediated 
amide coupling method. The deprotection of Boc group and subsequent 
hydrolysis of ester group in acyclic pentamer 1m and 2l generated an 
intermediate that underwent a BOP-mediated intramolecular cyclization to 
produce circular pentamer 1 and 2 with a chemical yield of 35% and 46%, 
respectively (Scheme 4.1 and 4.2).  
The identity of the pentamer 1 and 2 was unambiguously confirmed by an 
excellent matching between their experimentally obtained high resolution 
masses and  those  of  calculated  ones. The highly symmetrical nature of 
pentamer 1 and 2 was revealed by their highly simplified 1H NMR spectra at 110 
°C in DMSO-d6 for 1 and 33% CDCl3/67% DMSO-d6 for 2 that showed three 
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 Scheme 4.1. Synthetic Route that Afford pentamer 1 
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Scheme 4.3. Synthetic Route that Afford dimer 1q 
 
4.2.3.2 One-pot Synthesis of Cyclic Pentamers 
  Inspired by the the prominent reported examples on one-pot, H-bonding 
assisted macrocyclization reactions11b, 12, we became interesting to explore the 
possibility to efficiently and selectively produce cyclic pentamers in one-pot 
from their monomeric building blocks. Due to its poor solubility in almost all 
kinds of different organic solvents, cyclic pentamer 3 easily precipitates out of 
the reaction solution and can be purified to high purity with ease by simply 
washing the precipitated pentamer 3 with excessive solvents (CH2Cl2, MeOH, 
etc). Pentamer 3 was therefore chosen as an ideal substrate for the initial 
screening of varying reagents that can selectively promote one-pot synthesis of 






Scheme 4.4. Synthetic Route that Afford pentamer 3 
  As a recently discovered powerful macrocyclization reagent for promoting 
one-pot synthesis of closely related pentamers consisting of five 
methoxybenzene repeating units from its monomer units, phosphoryl trichloride 
(POCl3, entry 1 of Table 4.1) was first attempted. Surprisingly, even though with 
a complete consumption of starting monomer 3a, no trace amount of 3 can be 
detected from the reaction product composed of unknown compounds of varying 
types. The subsequent screening of other phosphorus-based reagents (entries 2 
and 3, Table 4.1) was not encouraging either. Although we have shown that 
peptide coupling reagents including BOP that are advantaged by the simplicity 
in procedure and mild conditions are totally ineffective in promoting one-pot 
macrocyclization of methoxybenzene units11b, we still decided to carry out a 
further investigation on these reagents. Among a number of peptide coupling 
reagents tested, BOP was found to the only coupling reagent that allows for the 
preparation of 3 under high concentration of >60 mM via one-pot 
macrocyclization in dichloromethane (CH2Cl2) with a very decent chemical 
yield of 25% in about one day (entry 12, Table 4.1), which is considered very 
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excellent with respect to the stepwise construction of 3 that gives an overall 
yield of ~ 10% after dedicated months’ efforts (The remaining 75% of starting 
monomeric building block probably forms conjugated product with BOP. It may 
also get transformed into oligomeric intermediates that form conjugated 
products with BOP that do not participate in further reaction to make pentamer 
3). It would be interesting to note that PyBOP, structurally very similar to BOP, 
does not give rise to circular product 3. 
A further screening of other bases in CH2Cl2 does not lead to the improved 
macrocyclization efficiencies (entries 13-16, Table 4.1) and neither does the 
screening of varying solvents (entries 17-22). Possibly as a result of their 
strong H-bonding abilities that disrupt the crescent conformation in the 
intermediate oligomers, a prerequisite for the efficient backbone cyclization, 
the use of dimethylformamide (DMF) or dimethylsulfoxide (DMSO) seems to 
significantly impede the macrocyclization reaction, resulting in low yields of 
6-11% (entries 20-22). By additionally varying the amounts of BOP used 
(Table 4.2), it was found that two equivalents of BOP gives a satisfactory 
result (entry 2) better than or comparable to the use of less (entry 1) or more of 







Table 4.1. Searching suitable conditionsa for one-pot preparation of circular pentamer 3 
from monomer 3a. 
Entry Coupling reagent Base Solvent Yield 
b  
(%) 
1 POCl3 DIEA CH2Cl2 or CH3CN - d 
2 P(OPh)3 DIEA CH2Cl2 or THF - d 
3 Ph3PCl2 DIEA CHCl3 or THF - d 
4 CDI DIEA CH2Cl2 - d 
5 EDC - c CH2Cl2 - d 
6 DCC - c DMF/CH2Cl2 (1:1) - d 
7 TSTU DIEA DMF/CH2Cl2 (1:1) - d 
8 HATU DIEA DMF/CH2Cl2 (1:1) - d 
9 HATU+HOBt DIEA DMF/CH2Cl2 (1:1) - d 
10 HBTU+HOBt DIEA DMF/CH2Cl2 (1:1) - d 
11 PyBOP DIEA CH2Cl2 - d 
12 BOP DIEA CH2Cl2 25 
13 BOP TEA CH2Cl2  
14 BOP Pyridine CH2Cl2 - d 
15 BOP NMM CH2Cl2 - d 
16 BOP DMAP CH2Cl2 - d 
17 BOP DIEA CHCl3 19 
18 BOP DIEA CH3CN 17 
19 BOP DIEA THF 17 
20 BOP DIEA DMSO 6 
21 BOP DIEA DMF 8 
22 BOP DIEA DMF/CH2Cl2 (1:1) 11 
a Reactions conditions: 3a (0.2 mmol), coupling reagents (0.4 mmol), base (0.8 mmol), 
solvent (3.0 ml), room temperature, 30 hrs. b Isolated yield by washing with MeOH and DCM. c 
No base is used; d No product can be detected. DIEA = diisopropylethylamine; TEA = 
triethylamine; NMM = N-methylmorpholine; DMAP = 4-dimethylaminopyridine. 
 
Table 4.2. Effects of coupling reagent (BOP)a on one-pot preparation of circular 
pentamer 3 from monomer 3a. 
Entry BOP (equiv.) DIEA (equiv.) Yield (%) b 
1 1.1 4.0 18 
2 2.0 4.0 25 
3 3.0 4.0 26 
a Reactions conditions: 1a (0.2 mmol = 1 equiv.), BOP, DIEA, CH2Cl2 (3.0 ml), room 




The general utility of one-pot macrocyclization conditions was demonstrated 
by the satisfactory preparation of other circularly folded aromatic pentamers 2, 4, 
5, 6, sharing the same aromatic backbone but differing by exterior side chains 
(Scheme 4.5). Because the solubility of monomer precursors 4a-6a was not as 
good as 2o or 3a containing C8H17 or iso-butyl side chains, more CH2Cl2 (6 ml 
in Table 4.3 vs 3 ml in Table 4.1) is needed to dissovle 4a-6a. With the use of 
more sovlent, chemical yield for 3 decreases from 25% (entry 12, Table 4.1) to 
23% (entry 1, Table 4.3). Under identical conditions, pentamers 2-5 were all 
produced satisfactorily with a respective yield of 18%, 12%, 10% and 16%. 
 
 








Table 4.3. One-pot preparationa of circular aromatic pentamers 2-6 from their respective 
monomers. 
Pyridone Pentamer R Yield (%) b 
2 n-C8H17 18 
3 iso-butyl 23 
4 CH2CH2OCH2CH3 12 
5 (CH2CH2O)2CH3 10 
6 (CH2CH2O)3CH3 16 
a Reactions conditions: na (0.2 mmol), BOP (0.4 mmol), DIEA (0.6 mmol), CH2Cl2 (6.0 ml), 
room temperature, 30 hrs. b Isolated yield by washing with MeOH and DCM or recrystallization 
from MeOH. 
Table 4.4. One-pot preparationa of pentamer 1 from monomer 1o. 
Entry Solvent Volume (ml) Yield (%) b 
1 CH2Cl2 3 0 
2 DMF 3 2 
3 CH2Cl2 + DMF 3 + 1 3 
4 CH2Cl2 + DMF 6 + 1 10 
5 CH3CN + DMF 3 + 1 3 
6 CH2Cl2 + CH3CN 3 + 3 5 
a Reaction conditions: 6o (0.2 mmol), BOP (0.4 mmol), DIEA (0.8 mmol), solvent, room 
temperature, 30 hrs. b Isolated yield by washing with CH2Cl2 and MeOH. 
However, one-pot synthesis of pentamer 1 turned out to be quite troublesome 
(Table 4.4). Under identical conditions using CH2Cl2 as the solvent where 
monomer 1o can hardly dissolve, no product can be obtained (entry 1, Table 4.4). 
In DMF, a low but encouraging yield of 2% was obtained. As discussed above, 
the BOP-mediated one-pot reaction proceeds well in CH2Cl2 but not in DMF. 
We reasoned that a solvent pair involving both CH2Cl2 and DMF may better 
dissolve 1o and thus may allow the reaction to proceed to better extents. Hence, 
the subsequent screening was carried out by fine-tuning the solvent 
compositions (entries 3 and 4) with a good yield of 10% obtained from 
CH2Cl2:DMF (6:1, v:v). The use of other solvents such as CH3CN decreased 




Scheme 4.6. One pot reaction of 2p and 6a that affords pentamer 6, 7, 8 
 
POCl3-mediated one-pot macrocyclization has been shown to occur by a 
chain-growth mechanism.13 By this mechanism, a hybrid pentamer consisting of 
two types of monomer units that differ by exterior side chains can be produced 
as a major product via co-macrocyclization of monomers of one type with other 
higher oligomers composed of monomers of another type.13a To assess the 
applicability of a chain-growth mechanism onto the BOP-mediated 
macrocyclization, a dimer composed of two units of 2p was reacted with three 
equivalents of 6a in CH2Cl2. Statistically, pentamer 6 could be a possible 
product along with another two hybrid pentamers 7 and 8 consisting of mixed 
units of 2o and 6a with a ratio of 1:3 and 2:1, respectively (Figure 4.7), and a 
predominant production of 7 (2o:6a=1:3) would be consistent with a 
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chain-growth mechanism. Analyses by HRMS, 1H NMR and TLC of the 
reaction mixture confirm 7 as the major product, and pentamers 5, 7 and 8 were 
produced in a molar ratio of 2:8:5 (Figures 4.7 and 4.8), suggesting that 





Figure 4.7. Structures of pentamers 2, 6, 7 and 8 containing monomeric units of 2p 
and 6a in varying ratios. Using MeOH/CH2Cl2 (1:10, v/v) as the eluent, all of the 3 
pentamers 6, 7, 8 can be well separated in TLC plate. Lanes 3 = macrocylization 
reaction products generated by reacting 2p and 6a in molar ratios of 1:3 after 











































7: R1=R2= C8H17, R3=R4=R5= (CH2CH2O)2CH3




Figure 4.8. ESI spectrum of macrocylization reaction mixture products generated by 
reacting 2p and 6a in molar ratios of 1:3 after recrystallizing from MeOH. 
 
The BOP-mediated one-pot macrocyclization protocol decently produces its 
“cognate” pyridone pentamers 1-6 at yields of 10-25% in about a day, a greener 
process that is far more cost-effective and time-saving than the step-by-step 
lengthy synthesis. This one-pot macrocyclization protocol now enables a facile 
access to cation-binding pentamers with tunable exterior side chains that may 







4.2.4 Solid State Conformation Study of Oligoamides and 
Cyclic Pentamer 
4.2.4.1 Solid State Structure of Dimer 1q 
The single crystal of dimer molecule 1q was obtained by diffusion method in 
the solvent pair of DMSO/MeOH. As can be seen in Figure 4.9, the crystal 
structure of dimer 1q demonstrates the ability of the interior carbonyl oxygen to 
form intramolecular H-bonds (2.00-2.27 Å) with the amide proton, restricting 
the conformational freedom of the amide bond and biasing the aromatic 
backbone into a crescent shape. 
 
Figure 4.9. Crystal structure of a dimer molecule 1q. Intramolecular C=O•••H-N 
H-bonds (2.00-2.27 Å) are formed between interior carbonyl oxygen and the amide 


















Table 4.5. Crystal data and structure refinement for dimer 1q. 
(Deposition ID at Cambridge Crystallographic Data Centre: 834533) 
Empirical formula  C31H28 F3N4O7S 
Formula weight  657.63 
Temperature  173 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 4.742 Å α= 90°. 
 b = 25.691 Å β= 90°. 
 c = 12.212 Å γ = 90°. 
Volume 1487.7 Å3 
Z 2 
Density (calculated) 1.468 Mg/m3 
Absorption coefficient 0.184 mm-1 
F(000) 682 
Crystal size 0.1 x 0.1 x 0.1 mm3 
Theta range for data collection 1.59 to 28.53°. 
Index ranges -6<=h<=6, -34<=k<=34, -16<=l<=16 
Reflections collected 20916 
Independent reflections 7461 [R(int) = 0.1025] 
Completeness to theta = 28.53° 98.3 %  
Absorption correction none 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7461 / 1 / 392 
Goodness-of-fit on F2 1.213 
Final R indices [I>2sigma(I)] R1 = 0.0889, wR2 = 0.1810 
R indices (all data) R1 = 0.0948, wR2 = 0.1970 
Largest diff. peak and hole 0.671 and -0.739 e.Å-3 
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4.2.4.2 Solid State Structure of Pentamer 1 
 
Figure 4.10. Partially refined crystal structure of pentamer 1. From the partially refined 
structure, fivefold symmetry and planarity can be roughly seen. 
 
The single crystal of pentamer 1 was obtained by slowly cooling the 10 mM 
pentamer 1’s DMSO solution from 110oC to 25 oC by 2 oC per day. Although 
high quality single crystals for pentamer 1 was successfully obtained, its crystal 
structure could not be confidently refined and determined, presumably due to the 
packing problem associated with pentagons. Even so, the partially refined 
structure reveals fivefold symmetry and a nearly planar backbone (Figure 4.10). 
 
4.2.5 Stacking Study of Cyclic Pentamers 
 Due to the planar structure and H-bonds that exist between the inter-planar 
structures, the cyclic pentamers demostrate strong inter-molecular stacking. As 
can be seen from Figure 4.11, the 1H NMR of pentamer 2 (1mM) in CDCl3 was 
poorly resolved even if the solution was heated up to 55℃. In order to get 


























between the pentamers. The result shows that the peaks became broader with the 
percentage of DMSO up to 90% but the peaks are still not sharp, which is also a 
strong indication of aggregation (Figure 4.12). The 1H NMR of pentamer 2 at 
variable temperature in DMSO/CDCl3 (3/7, v:v) shows that with the increase of 
the temperature, the signals of protons became increasing solved. At 95℃, all 
the signals became sharp and well resolved and further heating led to no 
additional significant change (Figure 4.13), which indicated that the aggregation 
of pentamer 2 is weakened at elevated temperature and eventually disrupted. If 
the ratio of DMSO increases to 90%, aggregation of pentamer 2 will be full 
disrupted at 55℃(Figure 4.14). Similar trend of proton signal change could also 
be observed for pentamer 5 and 6 (Figure 4.15 and 4.16). By carefully 
examining the height to width at ½ height ratio (Figure 4.17), it is found that 
pentamer 5 and 6 get fully disaggregated at 69℃ and 87℃, respectively, which 
is significant lower than that of pentamer 2. This is probably due to the existing 








Figure 4.12. Stacked 1H NMR spectra of Pentamer 2 in different percentage of DMSO 















Figure 4.13. Stacked 1H NMR spectra of Pentamer 2 at different temperature in 
DMSO-d6/CDCl3=3/7 (1mM)  
 
 
Figure 4.14. Stacked 1H NMR spectra of Pentamer 2 at different temperature in 





















Figure 4.15. Stacked 1H NMR spectra of Pentamer 5 at different temperature in 
DMSO-d6/CDCl3=3/7 (1mM)  
 
 
Figure 4.16. Stacked 1H NMR spectra of Pentamer 6 at different temperature in 











































Figure 4.17. H/W1/2h ratio of aromatic peaks of pentamer 2, 5, 6 at different temperature 
and solvent combination 
 
4.2.6 Binding Study of Pentamers towards Akali Metal Ions 
Owing to the convergently aligned oxygen atoms, well preorganized 
backbones and properly spaced cavity, the pentamers should be capable to serve 
as a host for metal cation. An indication suggesting a good binding of alkali 
metal ions by pentamers 1 and 2 came from the solubility test: pentamer 1 is 
sparingly soluble in DMSO (< 0.01 mM at room temperature); addition of one 
equivalent of alkali metal ions of their tetraphenylborate (BPh4) salts from Li+ to 
Cs+ invariably dissolutes > 20 mM 1 into DMSO at room temperature. The 
quantitative study of their binding ability towards akali metal ions was done by 
following Cram’s methods using picrate extraction experiment at 10 mM14. The 
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association constants (Ka) for the complexation of 2 to five alkali metal ions 
were evaluated in H2O/CHCl3 system.  
 
4.2.6.1 Preparation of Alkali metal Picrates 
The alkali metal picrates (Li+, Na+, K+, Rb+ and Cs+) were prepared by 
dissolving picric acid in a minimum amount of distilled boiling water and slowly 
adding a stoichiometric amount of the alkali metal hydroxide. The alkali metal 
picrate solution was cooled to room temperature and placed in an ice bath to 
facilitate crystallization. The precipitate was filtered and recrystallized from 
distilled water. After filtration and extensive air drying, the salt was carefully 
heated to dryness in a vacuum oven at 75oC for overnight and cooled to room 
temperature under N2 protection. The anhydrous metal picrates were stored in a 
desiccator. 
 
4.2.6.2 Picrate Extraction Experiment  
Extractions of alkali metal picrates (Li+, Na+, K+, Rb+ and Cs+) with hosts 
were performed by placing 1.0 mL of a 10 mM solution of the metal picrate in 
deionized water and 1.0 mL of a 10 mM solution of the hosts in chloroform into 
a 4-mL sample vial and mixing the solutions on a vortex mixer for 60 seconds. 
The sample was then allowed to stand for 20 minutes to ensure a complete 
separation of the layers. Aliquot was taken from the aqueous phase of the sample, 
and the concentration of metal picrate in aqueous phase was determined by 
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UV-Visible spectroscopy with a scanning from 250 nm to 500 nm. The 
extraction constants Kex and association constants Ka were calculated according 
to method previously described by Cram14. Three samples were prepared for 
each picrate extraction experiment. Standard deviations from the analysis of the 
three samples were less than 10% in terms of the Kex and Ka values. The data 
compiled in Table 4.6 shows high-affinity binding of ~ 108 M-1 with a good 
degree of selectivity toward alkali ions by pentamer 2. 
Table 4.6. Ka, R, and ∆Go for pentamer 2 complexing alkali picrate salts from Li+ to Cs+ 
in H2O/CHCl3 at 25oC obtained by Cram’s method. 
Picrate Salt Ra Ka [M-1]b -∆Go [kcal/mol] 
Li+ 0.719 (2.28 ± 0.10 ) × 108 11.35 
Na+ 0.715 (1.78± 0.09 ) × 108 11.20 
K+ 0.645 (0.57± 0.04 ) × 108 10.53 
Rb+ 0.615 (0.24± 0.03 ) × 108 10.01 
Cs+ 0.602 (0.18± 0.01 ) × 108 9.84 
a [Guest]/[Host] ratio in CHCl3 layer at equilibrium. b Averaged values over three runs with the 
assumption of 1:1 guest:host binding stoichiometry. 
 
4.2.6.3 TLC-mediated Separation of Metal-containing 
Complexes from Free Pentamer 2. 
The strong binding between pentamer 2 and alkali metal ions can be further 
established by being able to detect the complex formation using thin layer 
chromatography (TLC). In the presence of five equivalents of MBPh4 salt, 
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pentamer 2 mostly exists in the complex form in TLC plate while free pentamer 
2 is very minimal (Lanes 2~6, Figure 4.18).  
 
       1     2     3      4     5     6      7     8     9   10    11  
Pentamer 2  2+Li+  2+Na+   2+K+  2+Rb+   2+Cs+  Li+     Na+    K+  Rb+   Cs+ 
Figure 4.18. TLC Diagram of Free Pentamer 2 and Its Complex with Metal BPh4 Salts. 
Lane 1 = 2 at 1 mM, Lanes 2-6 = 2 at 1 mM and KBPh4 (M+ = Li+, Na+, K+, Rb+ and 
Cs+) at 5 mM, Lanes 7-11 = MBPh4 at 5 mM where M+ = Li+, Na+, K+, Rb+ and Cs+. 
Metal-containing complexes move faster than 2 and may exist as aggregated species 
(e.g., [2m•Mn]n+). The TLC images were obtained by spotting approximately the same 
volume of the corresponding solutions onto the TLC plates using 
MeOH:dichloromethane (1:15, v:v) as the eluent. 
 
4.2.7 Cation Induced Columnar Stacking Study by ESI 
MASS Spectroscopy 
The high affinity binding exhibited by pentamer 2 led us to explore the 
possibility of 2 to stabilize the columnar stacking in the presence of alkali ions 
(Li+, Na+, K+, Rb+ and Cs+). This was first investigated by ESI mass 
spectroscopy. In addition to the 1:1 complex [2●M]+, other aggregated species, 
such as [22●M]+, [23●M2]2+, [24●M3]3+ (M = Li+, Na+, K+, Rb+ and Cs+) and 
[22●Li2●H2O]2+, were observed (Figures 4.19~4.23). Most noteworthy is the 
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strongest tendency of pentamer 2 to aggregate in the presence of Cs+, 
predominantly forming a sandwiched [23●Cs2]2+ species with an almost 
complete disappearance of 1:1 complex [2●Cs]+.   This   finding   is   
consistent   with   the   experimental observation of Cs+-mediated fiber 
formation and with ab initio molecular modeling (B3LYP/6-31G*, Figure 4.6), 
showing that the Cs+ ions, being largest in size, are more capable of forming and 
stabilizing sandwiched assemblies with respect to the other ions that essentially 
stay coplanar with the pentameric backbone in pentamer 2.  
 





Figure 4.20. ESI spectrum of pentamer 2 with the addition of 1 equivalent of NaBPh4 
 
 





Figure 4.22. ESI spectrum of pentamer 2 with the addition of 1 equivalent of RbBPh4 
 
 
Figure 4.23. ESI spectrum of pentamer 2 with the addition of 1 equivalent of CsBPh4 
 
4.2.8 Morphology Study of Nanofibers Formed by 
Pentamers’ Alkali Metal Tetraphenylborate Complex 
The nanofibers formed by pentamer 1 with its metal tetraphenylborate salt 
complexes were prepared by slowly diffusing methanol into the acetonitrile 
solution of the complex. Typically, 0.4 mL of acetonitrile was added to the 
142 
 
sample vial containing 4.5 mg of pentamer 1 and 1.8 mg of CsBPh4 to make a 
clear 10 mM complex solution, which was then transferred to a NMR tube. 100 
µL of acetonitrile was added onto the top of the solution. The rest of the NMR 
tube was filled with methanol. 2 weeks later, the slowly formed fibers were 
transferred into an ependorf tube and centrifuged. The supernatant was decanted 
and the precipitate was washed with methanol and centrifuged for three times. 1 
mL of methanol was then added into the tube to disperse the fibers. 
The nanofibers formed by pentamer 2 with metal tetraphenylborate salt 
complex were prepared by the slow evaporation of the complexes solution in 
chloroform and acetonitrile. Typically, 400µL of CsBPh4 (5mM) acetonitrile 
solution was added to 1 mL of pentamer 2(2mM) in a sample vial. The solution 
was mixed on a vortex mixer for 60 seconds. The cap of the sample vial was 
unscrewed slightly to allow all the solvent to evaporate slowly. Approximate 10 
days later, 0.4 mL of acetonitrile was added to the sample vial to disperse the 
nanofibers. 
To enable a direct visualization of the solid state morphologies resulting from 
molecular interactions between alkali ions and pentamer 1 or 2, and subsequent 
inter-columnar associations, transmission electron microscopy (TEM) was 
employed. The slowly formed aggregates were spotted onto TEM grids and 
examined by TEM. TEM images (Figure 4.24~4.33) reveal that, except for 
KBPh4, pentamer 1 forms fibers with all the other four metal ions, and that, for 
pentamer 2, appreciable fibers can be observed only for RbBPh4 and CsBPh4. In 
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other words, 1 carrying benzyl side chains often forms better fibers with MBPh4 
salts than 2 carrying octyl side chains (Table 4.7). This is consistent with the 
theoretic calculations, revealing the existence of extensive intermolecular 
H-bonds among vertically stacked molecules 1 (Figures 69(2) and 4.70), which 
should promote the formation of 1D columnar stacks and increase its stability.  
 
Table 4.7. Cation-induced fibrillationa of 1 and 2 in the presence of MBPh4 salt 
       Alkali MBPh4 salts 
            Li+ Na+ Rb+ Cs+ 
Pentamer1 Yes    Yes Yesc Yesb 
Pentamer2 - d - d Yesc Yesb 
a. In all In all the salts studied, only KBPh4 does not induce any noticeable fiber formation. 
b. High quality with smooth surfaces. 
c. Bad quality 
d. No significant fibers were observed. 
 
 
    
Figure 4.24. TEM images showing the formation of fibers from pentamers 1 in the 




   
Figure 4.25. TEM images showing the formation of amorphous solids from pentamers 
2 in the presence of 1 equivalent of LiBPh4 salts  
   
Figure 4.26. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of NaBPh4 salts  
   
Figure 4.27. TEM images showing the formation of amorphous solids from pentamers 




   
Figure 4.28. TEM images showing the formation of amorphous solids from pentamers 
1 in the presence of 1 equivalent of KBPh4 salts  
   
Figure 4.29. TEM images showing the formation of amorphous solids from pentamers 
2 in the presence of 1 equivalent of KBPh4 salts  
   
Figure 4.30. TEM images showing the formation of fibers from pentamers 1 in the 




   
Figure 4.31. TEM images showing the formation of fibers from pentamers 2 in the 
presence of 1 equivalent of RbBPh4 salts (bad quality) 
   
Figure 4.32. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of CsBPh4 salts  
   
Figure 4.33. TEM images showing the formation of fibers from pentamers 2 in the 




4.2.9 Morphology Study of Nanofibers Formed by 
Pentamers’ Alkali Metal Halide Complex 
The nanofibers formed by pentamer 1 with its inorganic salt complexes were 
prepared by slowly diffusing ethyl acetate into the DMSO solution of the 
complex. Typically, 0.4 mL of DMSO was added to the sample vial containing 
4.5 mg of pentamer 1. Then 9.5 µL of KBr aqueous solution (50 mg/mL) was 
added to make a clear 10mM complex solution, which was then transferred to a 
NMR tube. 100 µL of DMSO was added onto the top of the solution. The rest of 
the NMR tube was filled with ethyl acetate. 2 weeks later, the slowly formed 
fibers were transferred into an ependorf tube and centrifuged. The supernatant 
was decanted and the precipitate was washed with ethyl acetate and centrifuged 
for three times. 1 mL of ethyl acetate was then added into the tube to disperse 
the fibers.   
The nanorods formed by pentamer 2 with its inorganic salt complex were 
prepared by the slow evaporation of the complexes in chloroform and methanol. 
Typically, 1 mL of pentamer 2 (2 mM) was added to the sample vial. Then 4.76 
µL of KBr aqueous solution (50 mg/mL) was added to the top of the solution, 
followed by the addition of 200 µL of methanol. The solution was mixed on a 
vortex mixer for 60 seconds. The cap of the sample vial was unscrewed slightly 
to allow all the solvent to evaporate slowly. Approximate 10 days later, 0.4 mL 
of acetonitrile was added to the sample vial to disperse the nanorods. 
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The potential to use ion pairs to induce fiber formation of 1 or 2 was also 
investigated by TEM technique. A total of 10 salts (MCl and MBr where M = 
Li+, Na+, K+, Rb+ and Cs+) were tested against both 1 and 2. Akin to the case of 
MBPh4, examining these 20 combinations (Table 4.8, Figure 4.34~4.53) reveals 
a similar trend, i.e., 1 carrying benzyl side chains often forms better fibers with 
alkali halide salts than 2 carrying octyl side chains. Except for fibers formed in 
the majority cases and as shown in Figure 4.34~4.53, defined nanorods and 
nanoropes were produced when 2 is mixed with LiCl, NaBr and KBr, and 
possibly with LiBr (Figure 4.35, 4.37, 4.41, 4.45), too. In particular, KBr salts 
combine with 2 to produce well-defined nanorods, typically measuring 50-200 
nm in width and 1-3 µm in length, and 2 in the presence of NaBr salts assembles 
into virtually endless single stranded nanoropes, each with a uniform diameter 
from 0.2 to 1 µm. These nanoropes are very flexible and easily coiled as 
exemplified by a single nanorope of 0.5 µm in thickness in Figure 4.41. 
 
Table 4.8. Ion pair-induced fibrillation of 1 and 2 in the presence of MX salt 
 Alkali Halide Salts 
LiCl  LiBr  NaCl  NaBr  KCl  KBr  RbCl  RbBr  CsCl  CsBr 
Pentamer 1 Yesa   Yes   Yes   Yes   Yesa  Yesa  Yes   -b    Yesa    -b 
Pentamer 2 Nanorodc   -b  Nanoropea Yes Nanorodea  -b  Yes   Yesa  Yesd 
a. High quality with smooth surfaces. 
b. No significant fibers were observed. 
c. Irregular Shapes. 
d. A mixture of irregular nanorods and fibers. 
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Figure 4.34. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of LiCl salts 
      
Figure 4.35. TEM images showing the formation of irregular nanorods from pentamers 
2 in the presence of 1 equivalent of LiCl salts 
   
Figure 4.36. TEM images showing the formation of fibers from pentamers 1 in the 




   
Figure 4.37. TEM images showing the formation of irregular nanorods from pentamers 
2 in the presence of 1 equivalent of LiBr salts (bad quality) 
   
Figure 4.38. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of NaCl salts 
   
Figure 4.39. TEM images showing the formation of amorphous solids from pentamers 




   
Figure 4.40. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of NaBr salts 
   
Figure 4.41. TEM images showing the formation of nanoropes from pentamers 2 in the 
presence of 1 equivalent of NaBr salts 
   
Figure 4.42. TEM images showing the formation of fibers from pentamers 1 in the 




   
Figure 4.43. TEM images showing the formation of amorphous solids or fibers from 
pentamers 2 in the presence of 1 equivalent of KCl salts 
   
Figure 4.44.. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of KBr salts 
   
Figure 4.45. TEM images showing the formation of nanorods from pentamers 2 in the 




   
Figure 4.46. TEM images showing the formation of fibers from pentamers 1 in the 
presence of 1 equivalent of RbCl salts 
   
Figure 4.47. TEM images showing the formation of amorphous solids from pentamers 
2 in the presence of 1 equivalent of RbCl salts 
   
Figure 4.48. TEM images showing the formation of amorphous solids from pentamers 




   
Figure 4.49. TEM images showing the formation of fibers from pentamers 2 in the 
presence of 1 equivalent of RbBr salts 
   
Figure 4.50. TEM images showing the formation of fibers from pentamers 1 and 2 in 
the presence of 1 equivalent of CsCl salts 
   
Figure 4.51. TEM images showing the formation of fibers from pentamers 2 in the 




   
Figure 4.52. TEM images showing the formation of irregular nanorods and fibers from 
pentamers 1 in the presence of 1 equivalent of CsBr salts 
   
Figure 4.53. TEM images showing the formation of fibers from pentamers 2 in the 
presence of 1 equivalent of CsBr salts (bad quality) 
 
4.2.10 TEM-EDX Study for the Confirmation of Ion/Ion 
Pair Induced Nanofiber Formation 
Energy dispersive x-ray analysis (EDX), a micro-analytical technique for 
elemental mapping, was carried out in an effort to identify the presence of alkali 
metal or halide salts in the above formed fibers. Selective EDX analyses on five 
types of the as-produced fibers formed between 1 and CsBPh4, KCl or KBr and 
between 2 and NaBr or KBr reveal the elemental occurrence of Cs, K/Cl, K/Br, 
156 
 
Na/Br and K/Br in these fibers, respectively, which unambiguously confirm their 
incorporation into the fibers (Figure 4.54~4.58). EDX data were acquired with a 
probe current of ~ 1 nA over areas about the size of each measured particle such 
that the total electron fluence was ~106 electrons/nm2.  





















Figure 4.54. TEM-EDX Spectra of nanofibers from pentamer 1 in the presence of one 
equivalent of CsBPh4 salts 























Figure 4.55. TEM-EDX Spectra of nanofibers from pentamer 1 in the presence of one 
equivalent of KCl salt 
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Figure 4.56. TEM-EDX Spectra of nanofibers from pentamer 1 in the presence of one 
equivalent of KBr salt 





















Figure 4.57. TEM-EDX Spectra of nanofibers from pentamer 2 in the presence of one 
equivalent of NaBr salt 
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Figure 4.58. TEM-EDX Spectra of nanofibers from pentamer 2 in the presence of one 
equivalent of KBr salt 
 
The formation of ion pair-induced 1D columnar structures can be supported 
by exchange experiment where fibers formed from 1 and KCl or KBr, i.e, 1•KCl 
or 1•KBr fibers, were suspended in MeOH solution and treated respectively with 
a large excess of tetrabutylammonium bromide (TBABr) or TBACl. 
Typically, The fibers (~4 mg) formed by Pentamer 1 with 1 equivalent of KCl 
or KBr salt were dispersed in ethyl acetate/MeOH (1.0/0.5 mL) and subjected to 
ultrasonication for 4 minutes.  
For the fibers formed from 1 and KBr, 20 equivalents of TBACl (19.6 mg) 
were added to the solution containing suspended 1•KBr fibers and solution was 
allowed to stir at room temperature for 3 days. The solution was then transferred 
into an eppendorf tube and centrifuged to remove the supernatant that contains 
excessive un-exchanged TBACl. The fibers were then subjected to a washing 
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step to further remove excessive un-exchanged TBACl by re-dispersing the 
fibers in MeOH (1 mL) using a vortex mixer for 2 minutes and then the MeOH 
solution was centrifuged to remove the supernatant that may contain excessive 
TBACl. The washing process was repeated for four more times in order to wash 
away all the residual TBACl salts. The washed fibers were again dispersed in 
MeOH and subjected to TEM study. 
For the fibers formed from 1 and KCl, 20 equivalents of TBABr (22.8 mg) 
were added to the solution containing suspended 1•KCl fibers and solution was 
allowed to stir at room temperature for 3 days. The solution was then transferred 
into an eppendorf tube and centrifuged to remove the supernatant that contains 
excessive un-exchanged TBABr. The fibers were then subjected to a washing 
step to further remove excessive un-exchanged TBABr by re-dispersing the 
fibers in MeOH (1 mL) using a vortex mixer for 2 minutes and then the MeOH 
solution was centrifuged to remove the supernatant that may contain excessive 
TBABr. The washing process was repeated for four more times in order to wash 
away all the residual TBABr salts. The washed fibers were again dispersed in 
MeOH and subjected to TEM study. 
If the anions (Cl- and Br-) occupy the intercolumnar spaces where these 
loosely bound anions are separated from the cations by > 12 Å on the basis of 
the dimensionality of 1, presumably they should remain exchangeable largely to 
equal extents respectively by excessive Br- and Cl- anions. The exchange 
experiments, however, show that ~ 91-96% Br- anions trapped in the 1•KCl 
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fibers can be exchanged by excessive Br- anions (Figure 4.60), while only ~ 
26-30% Br- anions in the 1•KBr fibers remains exchangeable by excessive Cl- 
anions (Figure 4.62). These experiments suggest that anions stay inside the 
column and that KBr stabilize the 1D fibrillar structures formed from 1 better 
than KCl. Consistent with these data, (1) TEM images reveal significant 
morphological changes for 1•KCl fibers after exchange with TBABr (Figures 
4.63 vs 4.64) and little change in morphology in 1•KBr fibers after exchange 
with TBACl (Figures 4.65 vs 4.66), and (2) powder X-ray diffraction (XRD) 
analyses show that the dominant peak at the lower angle (2θ < 5°) from the 
1•KCl fibers after exchange with KBr (Figure 4.67) is closer to that of the 1•KBr 
fibers (Figure 4.74) than that of the 1•KCl fibers (Figure 4.67). By allowing 
anions to sit inside the columns and between cations, the 1D fibrillar structures 
should become more stable due to the existence of favorable ionic interactions 
and a concurrent reduction in electrostatic repulsions occurring among cations 



























Figure 4.59. TEM-EDX Spectrum of the 1•KCl nanofibers. For 1:1 ratio of Cl-:K+ as 
found in the fibers, their intensity ratio averaged over five EDX experiments is 0.68:1. 
               























Figure 4.60. TEM-EDX Spectrum of the 1•KCl nanofibers after exchange with 20
equivalents of TBABr at room temperature for 3 days, revealing the presence of Br- anions
and an almost complete disappearance of Cl- in 1•KCl fibers. The integration of the peak
areas averaged over five EDX experiments indicates a ratio among them to be Br:Cl:K =
0.93:0.06:1. By comparing with the intensity ratios in Figures 4.59 and 4.61, it can be











































Figure 4.61. TEM-EDX Spectrum of the 1•KBr nanofibers. For 1:1 ratio of Br-:K+ as 
found in the fibers, their intensity ratio averaged over five EDX experiments is 0.97:1. 







































Figure 4.62. TEM-EDX Spectrum of the 1•KBr nanofibers after exchange with 20
equivalents of TBACl at room temperature for 3 days, revealing the presence of both Br-
anions and Cl- in the fibers. The integration of the peak areas averaged over five EDX
experiments indicates a ratio among them to be Br:Cl:K = 0.67:0.18:1. By comparing with
the intensity ratios in Figures 4.59 and 4.61, estimatedly about 26-30% of Br- anions in





Figure 4.63. TEM images of the 1•KCl fibers before exchange with TBABr 
   
   
Figure 4.64. TEM images of the 1•KCl fibers after exchange with TBABr at room 
temperature for 3 days, revealing significant morphological changes. This is consistent 
with EDX experiments in Figures 4.57~4.58, suggesting ~ 91-96% of Cl- anions in 





Figure 4.65. TEM images of the 1•KBr fibers before exchange with TBACl 
  
     
Figure 4.66. TEM images of the 1•KBr fibers after exchange with TBACl at room 
temperature for 3 days, revealing NO significant morphological changes. This is 
consistent with EDX experiments in Figures 4.61~4.62, suggesting ~26-30% of Br- 
anions in 1•KBr fibers were exchanged by Cl- anions. 
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 Powder X-ray Diffraction Spectra before and after Anion Exchange 















Figure 4.67. XRD spectra of the 1•KCl nanofibers before exchange with TBABr.  













Figure 4.68. XRD spectra of the 1•KCl nanofibers after exchange with TBABr at room 
temperature for 3 days (the spacing obtained based on the major peak at 2θ = 4.42° is 
closer to that of the 1•KBr fibers (Figure 4.72), but not 1•KCl fibers (Figure 4.65). This 
is consistent with EDX experiments in Figures 4.63~4.64, suggesting ~ 91-96% of Cl- 
anions in 1•KCl fibers were exchanged by Br- anions. 
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4.2.11 Ab Initio Theoretical Investigations at the 
B3LYP/6-31G* Level under Periodic Boundary Conditions 
To gain further insights into the above formed 1D stacked structures at the 
molecular level, ab initio theoretical investigations at the B3LYP/6-31G* level 
under periodic boundary conditions were carried out for 1D columns possibly 
formed between KBr and 1 or 2 (Figure 4.69 and 4.70). Two packing modes 
may develop in forming 1D columns: in the parallel mode, pentamers are 
vertically aligned and superimposable over each other (Figure 4.69(1) and 
4.69(3)); in the twist mode, vertically adjacent pentamers are alternatively 
twisted by 32-33° so that the steric hindrance, if any, among exterior side chains 
can be possibly released (Figure 4.69(2) and 4.69(4)). For 1, the parallel mode 
(Figure 4.69(1)) is energetically less stable than the twist mode (Figure 4.69(2)) 
by 46.32 kcal/mol. This enhanced stability results from 1) the sterically very 
bulky benzyl side chains that lessen the ionic interactions among K+ and Br- ions 
as evidenced by the larger inter-planar separation of 6.96 Å in the parallel mode 
with respect to 6.27 Å in the twist mode, and 2) one of the aromatic protons 
from every exterior benzyl group that forms one intermolecular H-bond (2.20 Å) 
with the amide carbonyl oxygen that is right below it (Figure 4.70). For 2, a 
difference in relative energy between the parallel and twist modes is quite small, 
and the parallel packing mode (Figure 4.69(3)) is marginally more stable than 
the twist mode (Figure 4.69(4)) by 1.32 kcal/mol. This is a result of an increase 
in favorable hydrophobic interactions and essentially absence of steric hindrance 
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among exterior octyl side chains, which can more than compensate the lessened 
ionic interactions (6.27 Å, Figure 4.69(c)) in the parallel packing mode as 
compared to the twist mode (6.18 Å, Figure 4.69(d)). Overall, the 
computationally obtained more stable structures (Figure 4.69(2) and 4.69(3)) 
show that K+ cations stay in the center of the cavity and are stabilized by the 
closest five carbonyl oxygen atoms. Cross-linking the planar pentameric 
molecules to form a 1D stacked Br--sandwiched supramolecular ensemble was 
achieved by stabilizing ionic interactions between K+ and Br- whereby the 
inter-planar distance of 6.27 Å (Figure 4.69(2) and 4.69(3)) is 0.39 Å less than 
twice the sum of the van der Waals radius of K+ (VdW = 1.38 Å) and Br- (VdW 
= 1.95 Å). These 1D aggregates are further stabilized by intermolecular H-bonds 
between aromatic benzyl protons and amide carbonyl oxygen atoms in 1, and by 





Figure 4.69. Computationally optimized geometries of 1D columnar aggregates 
possibly formed by (1, 2) [1●KBr]n and (3, 4) [2●KBr]n at the level of B3LYP/6-31G* 
under periodic boundary conditions. The top-down views illustrate two possible 
packing modes and their relative energy. Side views with the exterior side chains 
removed illustrate the inter-planar distances that dictate the strength of ionic 
interactions. In the CPK models, K+ = 1.38 Å and Br- = 1.95.  
 
Figure 4.70. Side view of the computationally optimized structure formed from 
pentamer 1 and KBr, illustrating the H-bonds (2.0 Å, dotted pink lines) formed between 
aromatic benzyl protons (grey ball) and amide carbonyl oxygen atoms (red balls). 
                                                                                                                 
6.96 Å 6.27 Å
 EP = 46.32 kcal/mol   ET = 0.00 kcal/mol 
 [1●KBr]n [1●KBr]n  Parallel packing Twist packing 
6.27 Å 6.18 Å
  EP = 0.00 kcal/mol ET = 1.36 kcal/mol 
                                                                                                                 





4.2.12 Inter-columnar Association Study of Fibers Using 
Powder XRD 
The inference on the inter-columnar association was achieved by powder 
X-ray diffraction (XRD) analysis, revealing a possible hexagonal arrangement 
involving 1D columns for the fibers prepared from 1 in the presence of LiBPh4 
(Figure 4.72(1)), NaBPh4 (Figure 4.72(2)), LiBr (Figure 4.74(2)), NaCl (Figure 
4.74(3)), NaBr (Figure 4.74(4)) and KCl (Figure 4.74(5)). As an illustrative 
example, the XRD diffractogram of the fibers formed from 1 and NaCl (Figure 
4.74(3)) shows a strong peak at d100 = 19.98 Å (2θ = 4.42°) along with two 
deconvoluted weaker peaks at d110 = 10.91 Å and d200 = 9.75 Å, indicating a 
hexagonal lattice with an inter-columnar distance of dhex = 23.07 Å (Figure 4.71). 
Compared to the overall radius of 1.18 nm inclusive of 0.68 nm from its 
pentamer core and 0.50 nm from the benzyl side chains (Figure 4.71) for the 1D 
columns formed from 1, the overlapping among the 1D columns is about 0.05 
nm, largely suggesting that the exterior benzyl side chains in the twist packing 
mode (Figure 4.69(2)) do not penetrate into each other, which is consistent with 
the rigid nature of benzyl groups. With an assumption of forming a hexagonal 
lattice, the calculated inter-columnar distances for the fibers formed LiBPh4, 
NaBPh4, LiBr, NaBr and KCl range from 2.24-2.44 nm with an overlapping of 
<0.12 nm for LiBr, NaBr and KCl (Figures 4.72 and 4.74), and with no 





Figure 4.71. A possible 2D hexagonal arrangement involving 1D columns formed from 
1 in the presence of one equivalence of NaBr. This hexagonal lattice was deduced on 
the basis of the powder X-ray diffraction data of as-prepared fibers. 
 
Similar XRD analyses (Figures 4.72～4.75) on the fibers formed from 1 with 
other salts or from 2 with all the different salts shown in Table 4.7 and 4.8 give 
inconclusive information on the inter-columnar arrangement of 1D columns. 
Nevertheless, the values determined from the dominant peak at the lower angle 
end fall within the range of 1.94-2.24 nm for 1 with other salts, and of 2.24-2.50 
nm for 2 with all the salts studied, which are in good accord with the overall 
radius of 1.18 nm and 1.65 nm for the 1D columns formed from 1 and 2, 
respectively. In addition, except for the fibers formed from 1 with RbBr (Figure 
4.74(8)), all the other fibers from 1 or 2 in the presence of various salts give rise 

















































































Figure 4.72. XRD Spectra of as-prepared fibers or amorphous solid formed by 
pentamer 1 in the presence of one equivalent of (1) LiBPh4, (2) NaBPh4, (3) KBPh4, (4) 
































































































Figure 4.73. XRD Spectra of as-prepared fibers or amorphous solid formed by pentamer 2 


















































































































































































Figure 4.74. XRD Spectra of as-prepared fibers or amorphous solid formed by pentamer 1 in 
the presence of one equivalent of (1) LiCl, (2) LiBr, (3) NaCl, (4) NaBr, (5) KCl, (6) KBr, (7) 
RbCl, (8) RbBr, (9) CsCl, (10) CsBr. 
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Figure 4.75. XRD Spectra of as-prepared fibers or amorphous solid formed by pentamer 2 in 
the presence of one equivalent of (1) LiCl, (2) LiBr, (3) NaCl, (4) NaBr, (5) KCl, (6) KBr, (7) 
RbCl, (8) RbBr, (9) CsCl, (10) CsBr. 
 
4.3 Conclusion and Future Work 
In summary, we have developed an entirely new class of cation-binding 
foldamer-based pentameric macrocycles capable of high affinity recognition of 
metal ions and self-assembling into tunable 1D columnar aggregates that further 
associate to form unusual cation-containing or ion pair-induced fibers of varying 
shapes and sizes controllable by alkali metal ions or their halide salts.  
The modular nature of the described macrocycles also enables easily 
modifiable outer surfaces, and, in combination with other exchangeable 
monomeric building blocks recently reported11c by our group, further allows the 
interior properties to be finely tunable with respect to both ion-binding affinity 
and selectivity. By attaching these cation selective macrocycles to a rigid linear 
scaffold trans-membrane ion channels with high cation conductivity and 
selectivity could be constructred15. Moreover, because of the strong stacking and 




that could be used for cation transport in the membrane16. 
The simple one-pot synthetic method would allow the construction of 
macrocycles of different side chain which may recognize biological related 
macromolecules such as G-quadruplex and Serum Amyloid P component and 
further serve as drugs for cancer17 and alzheimer’s disease treatment18. 
In addition, complex supramolecular nano-architectures19 with interesting 
properties such as chemical vapor sensor20 can be envisioned.  
 
4.4 Experimental Section 
4.4.1 Stepwise Preparation of Pentamer 1 and 2 
For synthesis of diethyl 4-oxo-1,4-dihydropyridine-3,5-dicarboxylate, 1a, see: 
Zheng, S. J.; Thompson, J. D.; Tontcheva, A.; Khan, S. I.; Rubin, Y. Org. Lett., 
2005, 7, 1861. 
A mixture of diethyl 1,3-acetonedicarboxylate (0.20 
mol, 40 mL), triethyl orthoformate (0.40 mol, 60 mL) 
and urea (0.30 mol, 18.00 g) in 100 mL of xylene was 
heated to reflux for 4 hours. After all the urea was 
dissolved and light yellow precipitate formed, the formed ethanol was removed 
in vacuo, then the reaction mixture was allowed to reflux for another 1 hour. 
After cooling, the precipitate was filtered and washed with dichloromethane 
(3×50 mL), dried under vacuum to give the pure compound 1a. Yield: 35.85 g, 
75%. 1H NMR (500 MHz, DMSO-d6) δ 11.18 (s, 1H), 8.19 (s, 2H), 4.18 (q, 
178 
 
J=7.3Hz, 4H), 1.25 (t, J=7.3Hz, 6H). 
 
Diethyl 1-benzyl-4-oxo-1,4-dihydropyridine-3,5-dicarboxylate (1b) 
Compound 1a (23.90 g, 100.00 mmol) was dissolved 
in DMF (350 mL) to which anhydrous K2CO3 (20.85 
g, 150.00 mmol) and benzyl bromide (14.25 mL, 
120.00 mmol) were added. The mixture was heated 
at 80℃ for 10 hours.  The reaction mixture was then filtered and the solvent 
was removed in vacuo. The residue was dissolved in CH2Cl2 (350 mL), washed 
with water (3 x 400 mL), and dried over anhydrous Na2SO4. Removal of CH2Cl2 
in vacuo gave the crude product, which was then washed with ethyl acetate (50 
mL) to give the pure product 1b as a pale yellow solid. Yield: 26.27 g, 80%. 1H 
NMR (500 MHz, CDCl3) δ 8.04 (s, 2H), 7.39 – 7.35 (m, 3H), 7.21 (dd, J = 7.6, 
1.7 Hz, 2H), 5.03 (s, 2H), 4.26 (q, J = 7.1 Hz, 4H), 1.28 (t, J = 7.1 Hz, 6H). 13C 
NMR (125 MHz, CDCl3) δ 171.05, 164.54, 144.72, 133.59, 129.38, 129.18, 
127.53, 123.04, 61.13, 60.79, 14.08. HRMS-ESI: calculated for [M+Na]+ 




Compound 1b (13.16 g, 40.00 mmol) was dissolved in 








mmol) was added dropwise using a dropping funnel at room temperature. The 
mixture was allowed to stir at room temperature for overnight. Then ethanol was 
removed in vacuo and the aqueous layer was neutralized by addition of 1M HCl 
(60 mL). The precipitated crude product was collected by filtration and dried in 
the oven, which was subjected to column purification (MeOH/CH2Cl2=1/50) to 
yield the pure product 1c as a white solid. Yield: 5.54 g, 46%. 1H NMR (500 
MHz, CDCl3) δ 15.37 (s, 1H), 8.66 (d, J = 2.4 Hz, 1H), 8.39 (d, J = 2.4 Hz, 1H), 
7.47– 7.43 (m, 3H), 7.32– 7.27 (m, 2H), 5.25 (s, 2H), 4.38 (q, J = 7.1 Hz, 2H), 
1.38 (t, J = 7.1 Hz, 3H).13C NMR (125 MHz, CDCl3) δ 176.33, 165.52, 162.95, 
146.62, 145.95, 132.67, 129.85, 129.75, 127.95, 121.36, 119.49, 61.99, 61.93, 
14.15. 13C NMR (125 MHz, CDCl3) δ 169.97, 166.13, 153.65, 152.37, 140.68, 
133.22, 131.95, 129.64, 127.76, 126.05, 113.01, 81.95, 67.08, 62.80, 28.16. 





Compound 1c (7.53 g, 25.00 mmol) was dissolved in 
THF/DMF (75 mL/50 mL) with an installation of 
balloon on top of the round bottom flask. This solution 
was cooled to 0ºC using an ice bath. 










30.00 mmol) was injected to the cooled solution. The mixture was allowed to 
stir for 25 minutes. Then sodium azide (2.44 g, 37.50 mmol) dissolved in 
minimal amount of water was injected into the cooled solution. 30 minutes later, 
THF was removed in vacuo at 28℃. The mixture was then dissolved in 200 mL 
CH2Cl2, washed with water (3 x 300 mL) and dried over anhydrous Na2SO4. 
Then CH2Cl2 was removed in vacuo and the residue was dissolved in tolene 
(150 mL), to which t-butanol (3.45 mL, 37.50 mmol) was added. The reaction 
was allowed to stirred at 90℃ for 30 hours. The yellow precipitate was removed 
by filtration and removal of toluene in vacuo gave the crude product, which was 
subjected to column purification (MeOH/CH2Cl2=1/100) to yield the pure 
product 1d as a pale yellow solid. Yield: 4.34 g, 47%. 1H NMR (500 MHz, 
CDCl3) δ 8.36 (s, 1H), 8.15 (d, J = 2.1 Hz, 1H), 7.92 (s, 1H), 7.47 – 7.33 (m, 
3H), 7.24-7.18 (m, 2H), 5.02 (s, 2H), 4.35 (q, J = 7.1 Hz, 2H), 1.47 (s, 9H), 1.37 
(t, J = 7.1 Hz, 3H).13C NMR (125 MHz, CDCl3) δ 167.23, 165.11, 152.77, 
141.87, 134.12, 133.32, 129.40, 129.13, 127.39, 123.50, 113.82, 81.03, 61.84, 
61.02, 28.20, 14.29. HRMS-ESI: calculated for [M+Na]+ (C20H24O5N2Na)：m/z 
395.1577, found: m/z 395.1575. 
 
1-benzyl-5-(tert-butoxycarbonylamino)-4-oxo-1,4-dihydropyridine-3-carbox
ylic acid (1e) 
Compound 1d (3.00 g, 8.20 mmol) was dissolved in dioxane/H2O (50 mL/20 
mL) to which 1.0M NaOH (16.30 mL, 16.30 mmol) was added. The mixture 
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was allowed to stir at room temperature for 4 hours. 
Then H2O (150 mL) was added to the solution, which 
was then neutralized by addition of 1M AcOH (20.00 
mL). The white precipitate was collected by filtration 
and dried in the oven to give the pure product as a white solid. Yield: 2.70 g, 
96%. 1H NMR (500 MHz, CDCl3) δ 14.88 (s, 1H), 8.66 (s, 1H), 8.43 (d, J = 2.0 
Hz, 1H), 7.66 (s, 1H), 7.52 – 7.38 (m, 3H), 7.30-7.25 (m, 2H), 5.15 (s, 2H), 1.53 
(s, 9H). 13C NMR (125 MHz, CDCl3) δ 169.97, 166.13, 153.75, 152.37, 140.68, 
133.22, 131.95, 129.64, 127.76, 126.05, 113.01, 81.95, 62.80, 28.16. HRMS-ESI: 
calculated for [M+Na]+ (C18H20O5N2Na)：m/z 367.1264, found: m/z 367.1258. 
 
Ethyl1-benzyl-5-(1-benzyl-5-(tert-butoxycarbonylamino)-4-oxo-1,4-dihydro
pyridine-3-carboxamido)-4-oxo-1,4-dihydropyridine-3-carboxylate (1 g) 
Compound 1d (2.50 g, 6.80 mmol) was 
dissolved in ethanol (60 mL), to which 
concentrated H2SO4 (5.0 mL) was slowly 
added to the solution. The reaction was 
allowed to stir at room temperature for 12 hours. Then the reaction mixture was 
neutralized using saturated aquous solution of NaHCO3. The product was 
extracted with CH2Cl2 (5 x 60 mL). Combination of the organic layer and dried 
over anhydrous Na2SO4 to give the pure product 1f, which was directly used in 














compound 1f (6.80 mmol), HBTU (2.90 g, 7.50 mmol) and Hobt (0.99 g, 7.50 
mmol) were dissolved in DMF (50 mL), to which DIEA (2.46 mL, 13.60 mmol) 
was added to the solution. The reaction was allowed to stir at room temperature 
for 24 hours. Then DMF was removed in vacuo and the residue was dissolved in 
CH2Cl2 (200 mL), washed with water (3 x 300 mL) and dried over Na2SO4 to 
give the crude product, which was then recrystallized from methanol to give the 
pure product as a white solid. Yield: 3.46 g, 85%. 1H NMR (500 MHz, CDCl3) δ 
12.88 (s, 1H), 8.91 (s, 1H), 8.43 (s, 1H), 8.33 (s, 1H), 8.19 (s, 1H), 8.03 (s, 1H), 
7.39-7.32 (m, 6H), 7.23-7.17 (m, 4H), 5.05 (s, 2H), 5.01 (s, 2H), 4.35 (q, J = 7.1 
Hz, 2H), 1.46 (s, 9H), 1.36 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 
168.07, 167.74, 165.71, 163.05, 152.69, 142.68, 140.13, 134.30, 134.01, 133.71, 
132.59, 129.36, 129.31, 129.14, 128.99, 127.50, 127.38, 126.61, 124.14, 115.16, 
114.87, 81.08, 62.18, 61.64, 61.01, 28.14, 14.31. HRMS-ESI: calculated for 
[M+Na]+ (C33H34O7N4Na)：m/z 621.2320, found: m/z 621.2307. 
 
1-benzyl-5-(1-benzyl-5-(tert-butoxycarbonylamino)-4-oxo-1,4-dihydropyridi
ne-3-carboxamido)-4-oxo-1,4-dihydropyridine-3-carboxylic acid (1h) 
Compound 1 g (2.99 g, 5.00 mmol) was 
dissolved in dioxane/H2O (60 mL/30 mL) to 
which 1.0M NaOH (7.50 mL, 7.50 mmol) 
was added. The mixture was allowed to stir at 
room temperature for 6 hours. H2O (150 mL) was then added to the solution, 
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which was then neutralized by addition of 1M AcOH (10.00 mL). The white 
precipitate was collected by filtration and dried in the oven to give the pure 
product as a white solid. Yield: 2.28 g, 80%. 1H NMR (500 MHz, CDCl3) δ 
15.14 (s, 1H), 13.08 (s, 1H), 9.14 (s, 1H), 8.49 (s, 1H), 8.45 (s, 1H), 8.37 (s, 1H), 
8.03 (s, 1H), 7.41-7.35 (m, 6H), 7.27 – 7.20 (m, 4H), 5.13 (s, 2H), 5.10 (s, 2H), 
1.47 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 170.94, 168.26, 166.36, 163.22, 
152.62, 141.40, 140.15, 133.74, 133.40, 132.77, 132.06, 129.56, 129.52, 129.48, 
129.34, 128.75, 127.78, 127.60, 124.52, 114.47, 113.79, 81.31, 67.04, 62.61, 
62.42, 28.13. HRMS-ESI: calculated for [M+Na]+ (C31H30O7N4Na) ： m/z 






Compound 1 g (1.20 g, 2.00 mmol) was 
dissolved in ethanol (80 mL), to which 
concentrated H2SO4 (5.0 mL) was slowly 
added to the solution. The reaction was 
allowed to stir at room temperature for 12 hours. Then the reaction mixture was 
neutralized using saturated aquous solution of NaHCO3. The product was 
extracted with CH2Cl2 (5 x 80 mL). Combination of the organic layer and dried 
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over anhydrous Na2SO4 to give the pure product 1f, which was directly used in 
the next step without further purification. Compound 1h (1.14 g, 2.00 mmol), 
compound 1f (2.20 mmol), HBTU (849 mg, 2.20 mmol) and Hobt (293 mg, 2.20 
mmol) were dissolved in DMF (100 mL), to which DIEA (0.72 mL, 4.00 mmol) 
was added to the solution. The reaction was allowed to stir at room temperature 
for 30 hours. Then DMF was removed in vacuo and the residue was dissolved in 
CH2Cl2 (300 mL), washed with H2O (3 x 400 mL) and dried over Na2SO4 to 
give the crude product, which was then recrystallized from methanol to give the 
pure product as a white solid. Yield: 1.49 g, 71%. 1H NMR (500 MHz, 
DMSO-d6) δ 12.77 (s, 1H), 12.71 (s, 1H), 12.64 (s, 1H), 9.14 (s, 2H), 8.97 (s, 
1H), 8.77 (s, 1H), 8.75 (s, 1H), 8.69 (s, 1H), 8.57 (s, 1H), 8.50 (s, 1H), 7.45 – 
7.35 (m, 20H), 5.43 (s, 6H), 5.32 (s, 2H), 4.23 (q, J = 7.0 Hz, 2H), 1.46 (s, 9H), 
1.30 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.13, 168.06, 
167.84, 166.59, 164.30, 162.53, 162.48, 162.40, 162.30, 152.34, 142.96, 142.01, 
141.96, 141.50, 135.97, 135.84, 135.73, 135.69, 132.42, 131.84, 131.56, 129.05, 
129.03, 128.58, 128.50, 128.47, 128.17, 127.99, 127.88, 127.48, 126.57, 114.69, 
114.56, 114.04, 80.16, 60.37, 60.24, 59.84, 27.84, 14.30. HRMS-ESI: calculated 









Compound 1j (1.05 g, 1.00 mmol) was 
dissolved in CH2Cl2 (25 mL), to which 
trifluoroacetic acid (1.5 mL) was slowly 
added to the solution. The reaction was 
allowed to stir at room temperature for 12 
hours. Then another portion of CH2Cl2 
(100 mL) was added to the reaction mixture, which was washed with H2O (3 x 
100 mL) and dried over anhydrous Na2SO4 to give the pure tetramer amine 1l, 
which was directly used in the next step without further purification. Compound 
1h (0.34 g, 1.00 mmol), tetramer amine 1l (1.00 mmol), HATU (435 mg, 1.20 
mmol) were dissolved in DMF (100 mL), to which DIEA (0.36 mL, 2.00 mmol) 
was added to the solution. The reaction was allowed to stir at room temperature 
for 18 hours. Then DMF was removed in vacuo and the residue was dissolved in 
CH2Cl2 (200 mL), washed with water(3 x 300 mL) and dried over Na2SO4 to 
give the crude product, which was then recrystallized from methanol to give the 
pure product as a white solid. Yield: 0.86 g, 67%. The products are isomers of 
near 1/1 ratio. 1H NMR (500 MHz, DMSO-d6) δ 13.18 (s, 1H), 12.91 (s, 2H), 
12.89 (s, 1H), 12.85 (s, 1H),12.73 (s, 1H), 12.67 (s, 1H), 12.57 (s, 1H), 9.17 – 
9.07 (m, 5H), 9.02 (d, J = 1.7 Hz, 1H), 8.94 (d, J = 2.1 Hz, 1H), 8.82 – 8.68 (m, 

































8.07 (s, 1H), 7.44 – 7.32 (m, 52H), 7.15 (d, J = 2.1 Hz, 1H), 5.45-5,39 (m, 14H), 
5.32 – 5.23 (m, 6H), 4.23 (q, J = 7.0 Hz, 2H), 3.78 (q, J = 7.1 Hz, 2H), 1.43 (s, 
9H), 1.28 (t, J = 7.1 Hz, 3H), 1.08 (s, 9H), 0.88 (t, J = 7.1 Hz, 3H). 13C NMR 
(125 MHz, DMSO-d6) δ 168.41, 168.30, 168.14, 167.97, 167.82, 167.75, 167.63, 
167.43, 167.40, 167.36, 166.64, 164.67, 163.86, 162.71, 162.49, 152.10, 151.80, 
143.04, 142.67, 142.51, 141.91, 141.74, 141.48, 137.41, 136.13, 136.00, 135.76, 
132.65, 132.49, 132.33, 131.89, 131.68, 129.04, 128.95, 128.55, 128.47, 128.40, 
128.20, 128.14, 128.00, 127.89, 127.83, 127.57, 126.68, 125.58, 116.79, 114.79, 
114.52, 111.91, 80.70, 79.69, 60.45, 60.09, 59.95, 59.79, 27.79, 27.39, 14.23, 
13.65. HRMS-ESI: calculated for [M+K]+ (C72H64O13N10K)：m/z 1315.4286, 
found: m/z 1315.4297. 
 
Pentamer 1 
Compound 1k (383 mg, 0.30 mmol) 
was dissolved in CH2Cl2 (25 mL), to 
which trifluoroacetic acid (0.6 mL) was 
slowly added to the solution. The 
reaction was allowed to stir at room 
temperature for 16 hours. Then another 
portion of CH2Cl2 (100 mL) was added to the reaction mixture. The reactiom 
mixture were washed with H2O (3 x 100 mL) and dried over anhydrous Na2SO4 






























without further purification. Pentamer amine 1m (0.30 mmol) was dissolved in 
hot dioxane (60 mL) to which 1M NaOH (0.90 mL, 0.90 mmol) was added. The 
mixture was heated under reflux for overnight and then quenched with water 
(100 mL). The aqueous layer was neutralized with 1M KHSO4 (0.90 mL). 
Dioxane was then removed in vacuo and the precipitated crude product 1n was 
collected by filtration. The crude product 1n was dried in the oven and then 
directly used in the next step without further purification. Compound 1n (0.30 
mmol) and BOP (265 mg, 0.60 mmol) were dissolved in DMF (10 mL) and 
stirred for 15 minutes. DIEA (0.17 mL, 0.9 mmol) was added and the reaction 
mixture was stirred continuously for 12 hours at room temperature. Then 
methanol (100 mL) was added to the reaction solution and the precipitate was 
collected by filtration, which was washed with CH2Cl2 (50 mL) to give the pure 
product 1 as a white solid. Overall Yield: 119 mg, 35%. 1H NMR (500 MHz, 
DMSO-d6, 110℃) δ 13.43 (s, 5H), 8.99 (s, 5H), 8.70 (s, 5H), 7.46 – 7.38 (m, 
25H), 5.43 (s, 10H). 13C NMR (125 MHz, DMSO-d6, 110℃) δ 167.81, 161.59, 
140.60, 134.57, 131.56, 128.24, 127.80, 127.48, 126.00, 114.10, 60.25. 
HRMS-ESI: calculated for [M+K]+ (C65H50O10 N10K)：m/z 1169.3343, found: 
m/z 1169.3350. 
 
Diethyl 1-octyl-4-oxo-1,4-dihydropyridine-3,5-dicarboxylate (2a) 
Compound 1a (23.90 g, 100.00 mmol) was dissolved in DMF (250 mL) to 
which anhydrous K2CO3 (20.85 g, 150.00 mmol) and 1-bromo-octane (20.56 
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mL, 120.00 mmol) were added. The mixture was 
heated at 80℃ for 12 hours.  The reaction mixture was 
then filtered and the solvent was removed in vacuo. 
The residue was dissolved in CH2Cl2 (300 mL), washed with water (3 x 400 mL), 
and dried over anhydrous Na2SO4. Removal of CH2Cl2 in vacuo gave the crude 
product, which was subjected to column purification (MeOH/CH2Cl2=1/100) to 
yield the pure product 2a as a pale yellow oil. Yield: 28.43 g, 81%. 1H NMR 
(300 MHz, CDCl3) δ 7.97 (s, 2H), 4.27 (q, J = 7.1 Hz, 4H), 3.82 (t, J = 7.3 Hz, 
2H), 1.82-1.68 (m, 2H), 1.35-1.10 (m, 16H), 0.82 (t, J = 6.5 Hz, 3H). 13C NMR 
(75 MHz, CDCl3) δ 171.06, 164.64, 144.53, 122.82, 61.10, 57.81, 31.43, 30.40, 
28.78, 28.74, 25.88, 22.35, 14.08, 13.82. HRMS-ESI: calculated for [M+Na]+ 




Compound 2a (17.55 g, 50.00 mmol) was dissolved 
in ethanol (150 mL) to which 0.2M KOH (250 mL, 
50.00 mmol) was added dropwise using a dropping 
funnel at room temperature. The mixture was allowed to stir at room 
temperature for overnight. Then ethanol was removed in vacuo and the aqueous 
layer was neutralized by addition of 1M HCl (70 mL). The precipitate crude 








column purification (MeOH/CH2Cl2=1/100) to yield the pure product 2b as a 
white solid. Yield: 6.62 g, 41%. 1H NMR (300 MHz, CDCl3) δ15.25 (s, 1H), 
8.54 (d, J = 2.4 Hz, 1H), 8.30 (d, J = 2.4 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 4.05 
(t, J = 7.4 Hz, 2H), 1.95 – 1.75 (m, 2H), 1.38 (t, J = 7.1 Hz, 3H)., 1.34 – 1.19 (m, 
10H), 0.85 (t, J = 6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 176.23, 165.60, 
163.01, 146.53, 145.66, 121.12, 119.43, 61.89, 59.01, 31.52, 30.68, 28.86, 28.80, 
25.96, 22.45, 14.19, 13.93. HRMS-ESI: calculated for [M+Na]+ (C17H25O5N1Na)：




Compound 2c (6.46 g, 20.00 mmol) was dissolved in 
THF/DMF (50 mL/35 mL) with an installation of 
balloon on top of the round bottom flask. This solution 
was cooled to 0ºC using an ice bath. 4-methylmorpholin 
(2.40 mL, 24.00 mmol) and ethyl chloroformate (2.40 mL, 24.00 mmol) was 
injected to the cooled solution. The mixture was allowed to stir for 25 minutes. 
Then sodium azide (1.95 g, 30.00 mmol) dissolved in minimal amount of water 
was injected into the cooled solution. 30 minutes later, THF was removed in 
vacuo at 28℃. The mixture was then dissolved in CH2Cl2 (180 mL), washed 
with water (3 x 300 mL) and dried over anhydrous Na2SO4. Then CH2Cl2 was 










t-butanol (2.76 mL, 30.00 mmol) was added. The reaction was allowed to stirred 
at 90℃ for 30 hours. Removal of toluene in vacuo gave the crude product, 
which was subjected to column purification (EA/n-hexane=1/3) to yield the pure 
product 2c as a white solid. Yield: 3.95 g, 50%. 1H NMR (500 MHz, CDCl3) δ 
8.29 (s, 1H), 8.07 (d, J = 2.3 Hz, 1H), 7.94 (s, 1H), 4.36 (q, J = 7.1 Hz, 2H), 
3.84 (t, J = 7.4 Hz, 2H), 1.87 – 1.77 (m, 2H), 1.50 (s, 9H), 1.38 (t, J = 7.1 Hz, 
3H), 1.33 – 1.23 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) 
δ 167.16, 165.28, 152.90, 141.59, 133.25, 123.01, 113.45, 81.01, 60.98, 58.85, 
31.61, 30.63, 28.98, 28.93, 28.23, 26.15, 22.53, 14.33, 14.00. HRMS-ESI: 
calculated for [M+Na]+ (C21H34O5N2Na)：m/z 417.2360, found: m/z 417.2353. 
 
5-(tert-butoxycarbonylamino)-1-octyl-4-oxo-1,4-dihydropyridine-3-carboxy
lic acid (2d) 
Compound 2c (3.15 g, 8.00 mmol) was dissolved in 
dioxane/H2O (40 mL/10 mL) to which 1.0 M NaOH 
(16.0 mL, 16.0 mmol) was added. The mixture was 
allowed to stir at room temperature for 10 hours. Then H2O (100 mL) was added 
to the solution, which was then neutralized by addition of 1M AcOH (20.00 mL). 
Dioxane was removed in vacuo and the crude product was dissolved in 150 mL 
CH2Cl2, washed with water (3 x 200 mL) and dried over anhydrous Na2SO4 to 
give a pure product 2d as a brown solid. Yield: 2.69 g, 92%. 1H NMR (500 MHz, 
CDCl3) δ 14.94 (s, 1H), 8.56 (s, 1H), 8.32 (d, J = 2.2 Hz, 1H), 7.65 (s, 1H), 7.26 
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(s, 1H), 3.97 (t, J = 7.4 Hz, 2H), 2.00 – 1.80 (m, 2H), 1.56 (s, 9H), 1.39 – 1.20 
(m, 10H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 169.77, 
166.30, 152.48, 140.42, 131.82, 125.70, 112.76, 81.91, 59.72, 31.59, 30.74, 
28.93, 28.88, 28.16, 26.12, 22.52, 13.99. HRMS-ESI: calculated for [M+Na]+ 




Compound 2c (1.97 g, 5.00 mmol) was 
dissolved in ethanol (70 mL), to which 
concentrated H2SO4 (5.0 mL) was slowly 
added to the solution. The reaction was 
allowed to stir at room temperature for 12 hours. Then the reaction mixture was 
neutralized using saturated aquous solution of NaHCO3. The product was 
extracted with CH2Cl2 (4 x 60 mL). Combination of the organic layer and dried 
over anhydrous Na2SO4 to give the pure product 2e, which was directly used in 
the next step without further purification. Compound 2d (1.83 g, 5.00 mmol), 
compound 2e (5.00 mmol), HBTU (2.13 g, 5.50 mmol) and Hobt (0.73 g, 5.50 
mmol) were dissolved in DMF (30 mL), to which DIEA (1.81 mL, 10.00 mmol) 
was added to the solution. The reaction was allowed to stir at room temperature 
for 24 hours. Then DMF was removed in vacuo and the residue was dissolved in 
CH2Cl2 (200 mL), washed with water (3 x 300 mL) and dried over Na2SO4 to 
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give the crude product, which was subjected to column purification 
(MeOH/CH2Cl2=1/100) to yield the pure product 2f as a colorless oil. Yield: 
2.76 g, 86%. 1H NMR (500 MHz, CDCl3) δ 12.90 (s, 1H), 8.85 (d, J = 2.3 Hz, 
1H), 8.33 (s, 1H), 8.25 (d, J = 2.2 Hz, 1H), 8.07 (d, J = 2.3 Hz, 1H), 8.03 (s, 1H), 
4.33 (q, J = 7.1 Hz, 2H), 3.89 (t, J = 7.3 Hz, 2H), 3.83 (t, J = 7.3 Hz, 2H), 1.85 – 
1.75 (m, 4H), 1.47 (d, J = 3.6 Hz, 11H), 1.35 (t, J = 7.1 Hz, 3H), 1.31 – 1.19 (m, 
20H), 0.83 (t, J = 6.8 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 167.92, 167.60, 
165.86, 163.22, 152.78, 142.28, 139.72, 133.68, 132.50, 126.05, 123.59, 114.82, 
114.61, 80.94, 60.82, 59.09, 58.51, 38.47, 31.52, 31.51, 30.57, 30.46, 28.87, 
28.84, 28.83, 28.12, 28.07, 26.07, 22.42, 14.28, 13.86. HRMS-ESI: calculated 




)-1-octyl-4-oxo-1,4-dihydropyridine-3-carboxylate (2 g) 
Compound 2f (2.25 g, 3.50 mmol) 
was dissolved in ethanol/ CH2Cl2 (50 
mL/10 mL), to which concentrated 
H2SO4 (4.0 mL) was slowly added to 
the solution. The reaction was allowed to stir at room temperature for 12 hours. 
Then the reaction mixture was neutralized using saturated aquous solution of 
NaHCO3. The product was extracted with CH2Cl2 (4 x 50 mL). Combination of 
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the organic layer and dried over anhydrous Na2SO4 to give the pure dimer amine 
2j, which was directly used in the next step without further purification. 
Compound 2d (1.83 g, 3.50 mmol), dimer amine 2j (3.50 mmol), HBTU (1.47 g, 
3.80 mmol) and Hobt (0.50 g, 3.80 mmol) were dissolved in DMF (25 mL), to 
which DIEA (1.27 mL, 7.00 mmol) was added to the solution. The reaction was 
allowed to stir at room temperature for 24 hours. Then DMF was removed in 
vacuo and the residue was dissolved in CH2Cl2 (200 mL), washed with water (3 
x 300 mL) and dried over Na2SO4 to give the crude product, which was 
subjected to column purification (MeOH/CH2Cl2=1/50) to yield the pure product 
2 g as a white solid. Yield: 2.25 g, 72%. 1H NMR (500 MHz, CDCl3) δ 13.07 (s, 
1H), 12.96 (s, 1H), 8.96 (d, J = 2.3 Hz, 1H), 8.90 (d, J = 2.3 Hz, 1H), 8.37 (s, 
1H), 8.32 (d, J = 2.3 Hz, 1H), 8.27 (d, J = 2.3 Hz, 1H), 8.10 (d, J = 2.4 Hz, 1H), 
8.04 (s, 1H), 4.42 (q, J = 7.1 Hz, 2H), 3.92 (dd, J = 13.2, 6.8 Hz, 5H), 3.84 (t, J 
= 7.3 Hz, 2H), 1.90–1.81 (m, 6H), 1.54 (s, 9H), 1.40 (t, J = 7.1 Hz, 3H), 1.34 – 
1.21 (m, 30H), 0.90 – 0.88 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 169.00, 
167.96, 167.48, 166.00, 163.62, 163.50, 152.95, 142.36, 140.48, 139.72, 133.73, 
132.89, 132.53, 126.81, 126.41, 123.59, 115.75, 114.83, 114.45, 81.08, 60.88, 
59.20, 59.02, 58.55, 31.63, 31.61, 30.67, 30.61, 30.58, 28.97, 28.95, 28.22, 
27.96, 26.17, 22.52, 14.45, 13.98. HRMS-ESI: calculated for [M+Na]+ 








Compound 2 g (1.78 g, 2.00 mmol) was 
dissolved in ethanol/ CH2Cl2 (50 mL/10 
mL), to which concentrated H2SO4 (4.0 
mL) was slowly added to the solution. 
The reaction was allowed to stir at room temperature for 12 hours. Then the 
reaction mixture was neutralized using saturated aquous solution of NaHCO3. 
The product was extracted with CH2Cl2 (3 x 50 mL). Combination of the organic 
layer and dried over anhydrous Na2SO4 to give the pure trimer amine 2k, which 
was directly used in the next step without further purification. Compound 2d 
(0.73 g, 2.00 mmol), trimer amine 2j (2.00 mmol), HBTU (0.85 g, 2.20 mmol) 
and Hobt (0.29 g, 2.20 mmol) were dissolved in DMF (20 mL), to which DIEA 
(0.73 mL, 4.00 mmol) was added to the solution. The reaction was allowed to 
stir at room temperature for 24 hours. Then DMF was removed in vacuo and the 
residue was dissolved in CH2Cl2 (150 mL), washed with water (3 x 250 mL) and 
dried over Na2SO4 to give the crude product, which was subjected to column 
purification (MeOH/CH2Cl2=1/50) to yield the pure product 2h as a white solid. 
Yield: 1.53 g, 67%. 1H NMR (500 MHz, DMSO-d6/CDCl3=5/1) δ 12.79 (s, 1H), 
12.73 (s, 1H), 12.69 (s, 1H), 9.10 (s, 2H), 8.95 (s, 1H), 8.55-8.43 (m, 5H), 8.31 
(s, 1H), 4.24 (dd, J = 14.0, 7.0 Hz, 2H), 4.16 (s, 6H), 4.04 (s, 2H), 1.83-1.74 (m, 
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8H), 1.51 (s, 9H), 1.35 – 1.17 (m, 43H), 0.84 (q, J = 6.7 Hz, 12H). 13C NMR 
(126 MHz, CDCl3) δ 167.99, 167.93, 167.93, 167.60, 166.51, 164.13, 164.13, 
162.57, 162.54, 162.46, 152.25, 142.36, 141.28, 141.21, 140.81, 132.46, 131.84, 
131.49, 127.16, 126.27, 125.23, 114.63, 114.49, 113.88, 113.71, 79.87, 59.52, 
57.74, 57.18, 31.10, 30.29, 30.14, 28.46, 28.41, 27.79, 25.45, 21.98, 14.20, 
13.76. HRMS-ESI: calculated for [M+Na]+ (C63H94O11N8Na)：m/z 1161.6934, 







Compound 2h (1.14 g, 1.00 mmol) 
was dissolved in ethanol/ CH2Cl2 (50 
mL/15 mL), to which concentrated 
H2SO4 (3.0 mL) was slowly added to 
the solution. The reaction was 
allowed to stir at room temperature 
for 18 hours. Then the reaction mixture was neutralized using saturated aquous 
solution of NaHCO3. The product was extracted with CH2Cl2 (3 x 50 mL). 

































pure tetramer amine 2l, which was directly used in the next step without further 
purification. Compound 2d (0.73 g, 2.00 mmol), tetramer amine 2l (1.00 mmol), 
HBTU (0.43 g, 1.10 mmol) and Hobt (0.15 g, 1.10 mmol) were dissolved in 
DMF (15 mL), to which DIEA (0.37 mL, 2.00 mmol) was added to the solution. 
The reaction was allowed to stir at room temperature for 24 hours. Then DMF 
was removed in vacuo and the residue was dissolved in CH2Cl2 (130 mL), 
washed with water (3 x 250 mL) and dried over Na2SO4 to give the crude 
product, which was subjected to column purification (MeOH/CH2Cl2=1/50) to 
yield the pure product 2i as a white solid. Yield: 1.03 g, 74%. 1H NMR (500 
MHz, DMSO-d6) δ 12.86 (s, 1H), 12.77 (s, 1H), 12.72 (s, 1H), 12.64 (s, 1H), 
9.11 (s, 1H), 9.06 (s, 1H), 8.96 (d, J = 10.4 Hz, 1H), 8.57-8.51 (m, 4H), 8.46 (s, 
1H), 8.43 (s, 1H), 8.32 (s, 1H), 8.30 (s, 1H), 4.28 – 4.14 (m, 10H), 4.10-3.98 (m, 
4H), 1.78 (s, 10H), 1.51 (d, J = 6.8 Hz, 9H), 1.33-1.21 (m, 50H), 0.85 (s, 15H). 
13C NMR (125 MHz, DMSO-d6) δ 167.96, 167.50, 166.54, 165.49, 164.67, 
164.39, 162.46, 152.26, 152.13, 152.02, 142.68, 142.62, 142.46, 141.47, 141.41, 
141.36, 141.29, 141.22, 141.04, 132.43, 131.87, 131.74, 131.51, 131.38, 131.30, 
130.13, 127.25, 126.47, 125.51, 125.45, 114.73, 114.68, 114.59, 114.56, 114.52, 
114.47, 113.98, 113.85, 80.71, 80.21, 59.90, 57.74, 57.13, 31.17, 31.14, 30.35, 
30.27, 30.12, 28.52, 28.47, 28.43, 28.40, 28.34, 27.82, 27.43, 25.47, 22.03, 
14.23, 13.83.HRMS-ESI: calculated for [M+K]+ (C77H114O13 N10K) ： m/z 





Compound 2i (694 mg, 0.50 mmol) was 
dissolved in CH2Cl2 (20 mL), to which 
trifluoroacetic acid (0.8 mL) was slowly 
added to the solution. The reaction was 
allowed to stir at room temperature for 18 
hours. Then another portion of CH2Cl2 (100 mL) was added to the reaction 
mixture. The reaction mixture were washed with H2O (3 x 100 mL) and dried 
over anhydrous Na2SO4 to give the pure pentamer amine 2m, which was directly 
used in the next step without further purification. Pentamer amine 2m (0.50 
mmol) was dissolved in hot dioxane (60 mL) to which 1M NaOH (1.50 mL, 
1.50 mmol) was added. The mixture was heated under reflux for overnight and 
then quenched with water (100 mL). The aqueous layer was neutralized with 1M 
KHSO4 (1.50 mL). Dioxane was then removed in vacuo. The residue was 
dissolved in CH2Cl2 (150 mL), washed with water (3 x 100 mL), and dried over 
anhydrous Na2SO4 to give the crude product 2n, which was directly used in the 
next step without further purification. Compound 2n (0.5 mmol) and BOP (442 
mg, 1.00 mmol) were dissolved in CH2Cl2 (30 mL) and stirred for 15 minutes. 
DIEA (0.28 mL, 1.50 mmol) was added and the reaction mixture was stirred 
continuously for 12 hours at room temperature. Another portion of CH2Cl2 (120 
mL) was added to the reaction mixture. The reaction mixture were washed with 






























which was recrystallized from methanol and purified by column to give the pure 
product 2 as a white solid. Overall Yield: 285 mg, 46%. 1H NMR (500 MHz, 
CDCl3/DMSO-d6=1/5, 110℃) δ 13.39 (s, 5H), 8.93 (s, 5H), 8.41 (s, 5H), 4.13 (t, 
J = 7.4 Hz, 10H), 1.97 – 1.86 (m, 10H), 1.49 – 1.27 (m, 50H), 0.89 (t, J = 7.0 Hz, 
15H). 13C NMR (125 MHz, CDCl3/DMSO-d6=1/2, 110℃) δ 167.31, 160.92, 
139.27, 131.22, 125.25, 113.88, 57.67, 30.44, 29.10, 27.89, 27.74, 25.19, 21.14, 
12.61. HRMS-ESI: calculated for [M+K]+ (C70H100O10 N10K)：m/z 1279.7255, 





 Compound 1h (285 mg, 0.50 mmol) was 
dissolved in DMF (8mL) to which 
anhydrous K2CO3 (138 mg, 1.00 mmol) and 
iodomethane (125 µL, 2.0 mmol) were 
added. The mixture was heated at 60℃ for 12 hours.  The reaction mixture was 
then filtered and the solvent was removed in vacuo. The residue was dissolved 
in CH2Cl2 (100 mL), washed with water (3 x 60 mL), and dried over anhydrous 
Na2SO4. Removal of CH2Cl2 in vacuo gave the crude product, which was then 
recrystallized from methanol to give the pure product 1p as a white solid. Yield: 
248 mg, 85%. 1H NMR (500 MHz, CDCl3) δ 12.89 (s, 1H), 8.93 (d, J = 2.4 Hz, 
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1H), 8.46 (s, 1H), 8.36 (d, J = 2.3 Hz, 1H), 8.23 (d, J = 2.4 Hz, 1H), 8.01 (s, 1H), 
7.44 – 7.34 (m, 6H), 7.27 – 7.19 (m, 4H), 5.08 (s, 2H), 5.04 (s, 2H), 3.88 (s, 3H), 
1.49 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 168.13, 167.79, 166.18, 163.13, 
152.74, 142.84, 140.23, 134.31, 134.09, 133.76, 132.62, 129.42, 129.38, 129.19, 
129.08, 127.56, 127.49, 126.74, 124.25, 114.90, 114.75, 81.18, 62.24, 61.75, 
52.08, 28.21. HRMS-ESI: calculated for [M+H]+ (C32H33O7N4)：m/z 585.2344, 





Compound 1p (175 mg, 0.30 mmol) was dissolved 
in CH2Cl2 (10 mL), to which trifluoroacetic acid 
(1.0 mL) and trifluoroacetic anhydride (0.5 mL) 
were slowly added to the solution. The reaction was allowed to stir at room 
temperature for 24 hours. Then another portion of CH2Cl2 (60 mL) was added to 
the reaction mixture. The reactiom mixture were washed with H2O (3 x 40 mL) 
and dried over anhydrous Na2SO4 to give the crude product, which was 
subjected to column purification (MeOH/CH2Cl2=1/50) to yield the pure product 
1q as a white solid. Yield: 113 mg, 65%. 1H NMR (500 MHz, CDCl3) δ 12.60 (s, 
1H), 9.52 (s, 1H), 8.92 (d, J = 2.1 Hz, 1H), 8.77 (d, J = 2.1 Hz, 1H), 8.49 (d, J = 
2.0 Hz, 1H), 8.27 (d, J = 1.9 Hz, 1H), 7.52 – 7.38 (m, 6H), 7.28 (d, J = 3.5 Hz, 
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4H), 5.18 (s, 2H), 5.06 (s, 2H), 3.91 (s, 3H).13C NMR (125 MHz, CDCl3) δ 
167.89, 167.61, 166.07, 162.06, 142.96, 142.37, 134.08, 133.40, 129.56, 129.52, 
129.40, 129.15, 127.97, 127.83, 127.52, 126.91, 116.27, 114.87, 62.43, 61.79, 
52.09. HRMS-ESI: calculated for [M+H]+ (C29H24O6N4F3)：m/z 581.1642, found: 
m/z 581.1670. 
 
4.4.2 One-pot Preparation of Pentamer 1~6 
Preparation of Monomeric Building Blocks: 
Ethyl 5-(tert-butoxycarbonylamino)-1-isobutyl-4-oxo-1,4-dihydropyridine 
-3-carboxylate (3c) 
Compound 1d (1860 mg, 5.00 mmol) was reduced 
by catalytic hydrogenation in THF (20 mL) at 50 0C, 
using Pd/C (186 mg, 10%) as the catalyst for 6 
hours. The reaction solvent was then removed in 
vacuo to give a white product 3b mixing with Pd/C, which was directly used in 
the next step without further purification. DMF (20 mL), anhydrous K2CO3 
(1380 mg, 10.00 mmol) and iso-butylbromide (0.65 mL, 6.00 mmol) was added 
to 3b (5.00 mmol). The mixture was heated under 80℃ for 18hrs. The reaction 
mixture was then filtered and the solvent was removed in vacuo. The residue 
was dissolved in CH2Cl2 (100 mL), washed with water (3 x 100 mL), and dried 
over anhydrous Na2SO4. Removal of CH2Cl2 in vacuo gave the crude product, 
which was subjected to column purification (MeOH/CH2Cl2=1/100) to yield the 
201 
 
pure product 3c as a pale yellow oil. Yield: 1149 mg, 68%. 1H NMR (500 MHz, 
CDCl3) δ 8.27 (s, 1H), 8.03 (d, J = 2.3 Hz, 1H), 7.92 (s, 1H), 4.35 (q, J = 7.1 Hz, 
3H), 3.65 (d, J = 7.5 Hz, 3H), 2.15 (dt, J = 13.7, 6.9 Hz, 1H), 1.49 (s, 9H), 1.37 
(t, J = 7.1 Hz, 3H), 0.95 (d, J = 6.7 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 
167.11, 165.12, 152.78, 141.85, 133.03, 123.13, 113.24, 80.89, 65.81, 60.83, 
29.57, 28.16, 19.38, 14.24. HRMS-ESI: calculated for [M+Na]+ (C17H26O5N2Na)：
m/z 361.1734, found: m/z 361.1731. 
 
5-amino-1-isobutyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (3a) 
Compound 3c (1014 mg, 3.00 mmol) was dissolved in 
ethanol (30 mL), to which concentrated H2SO4 (3.0 
mL) was slowly added to the solution. The reaction 
was allowed to stir at room temperature for 12 hours. 
Then the reaction mixture was neutralized using saturated aquous solution of 
NaHCO3. The product was extracted with CH2Cl2 (5 x 50 mL). Combination of 
the organic layer and dried over anhydrous Na2SO4 to give the pure product 3d, 
which was directly used in the next step without further purification. Compound 
3d (3.00 mmol) was dissolved in dioxane/H2O (30 mL/10 mL) to which 1.0 M 
NaOH (6.00 mL, 6.00 mmol) was added. The mixture was heated under 65℃ 
for 6 hours. Then H2O (100 mL) was added to the solution, which was then 
neutralized by addition of 1M AcOH (6.50 mL). Dioxane was removed in vacuo 
and the precipitate was collected by filtration and dried in the oven to give the 
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crude product which was subjected to column purification (MeOH/CH2Cl2=1/40) 
to yield the pure product 3a as a white solid. Yield: 517 mg, 82%. 1H NMR (500 
MHz, CDCl3) δ 15.60 (br, 1H), 8.12 (d, J = 2.0 Hz, 1H), 7.04 (d, J = 2.0 Hz, 1H), 
3.70 (d, J = 7.0 Hz, 2H), 3.45 (br, 2H), 2.13 (td, J = 13.8, 6.9 Hz, 1H), 0.97 (s, 
3H), 0.96 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 170.51, 167.36, 139.47, 
138.43, 119.34, 111.58, 66.30, 29.85, 19.49. HRMS-ESI: calculated for 
[M+Na]+ (C10H14O3N2Na)：m/z 233.0897, found: m/z 233.0892. 
 
Other monomers 1o, 2o, 4a for the construction of pentamer 1, 2, 4 and were 
prepared in the same way as 3a described above. 
5-amino-1-benzyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (1o) 
Yield: 520 mg, 71%. 1H NMR (500 MHz, 
CDCl3/DMSO-d6 = 4/1) δ 16.00 (br, 1H), 8.29 (d, J = 
1.8 Hz, 1H), 7.34 – 7.28 (m, 3H), 7.24 (d, J = 1.8 Hz, 
1H), 7.21 (d, J = 6.4 Hz, 2H), 5.11 (s, 2H), 4.92 (br, 2H). 
13C NMR (125 MHz, CDCl3/DMSO-d6=4/1) δ 165.21, 162.47, 135.34, 132.50, 
129.49, 124.19, 124.00, 122.92, 114.62, 106.17, 56.71. HRMS-ESI: calculated 
for [M-H]- (C13H11O3N2)：m/z 243.0775, found: m/z 243.0787. 
 
5-amino-1-octyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (2o) 
Yield: 519 mg, 65%. 1H NMR (500 MHz, CDCl3) δ 8.20 (s, 1H), 7.17 (s, 1H), 








Hz, 3H), 0.96 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 
170.34, 167.37, 143.02, 129.43, 114.22, 111.88, 59.33, 
31.63, 30.66, 28.96, 28.94, 26.17, 22.55, 14.01. 
HRMS-ESI: calculated for [M-H]- (C14H21O3N2)：m/z 




Yield: 1398 mg, 79%. 1H NMR (500 MHz, 
CDCl3) δ 8.24 (s, 1H), 8.08 (d, J = 2.2 Hz, 1H), 
7.79 (s, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.94 (t, J = 
4.8 Hz, 2H), 3.63 (t, J = 4.8 Hz, 2H), 3.37 (q, J = 
7.0 Hz, 2H), 1.39 (s, 9H), 1.25 (t, J = 7.1 Hz, 3H), 1.04 (t, J = 7.0 Hz, 3H). 13C 
NMR (125 MHz, CDCl3) δ 167.25, 164.66, 152.65, 142.51, 132.70, 123.46, 
113.17, 80.77, 68.49, 66.77, 60.56, 58.25, 28.10, 14.76, 14.21. HRMS-ESI: 
calculated for [M+Na]+ (C17H26O6N2Na)：m/z 377.1683, found: m/z 377.1698. 
 
5-amino-1-(2-ethoxyethyl)-4-oxo-1,4-dihydropyridine-3-carboxylic acid (4a) 
 Yield: 461 mg, 68%. 1H NMR (500 MHz, CDCl3) δ 
15.55 (s, 1H), 8.23 (d, J = 1.9 Hz, 1H), 7.18 (d, J = 
1.8 Hz, 1H), 4.31 (s, 2H), 4.08 (t, J = 4.8 Hz, 2H), 















1.19 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 170.71, 167.43, 139.17, 
138.85, 120.06, 111.89, 68.66, 67.09, 58.94, 14.88. HRMS-ESI: calculated for 
[M+H]+ (C10H13O4N2)：m/z 225.0881, found: m/z 225.0875. 
 
5b and 6b were prepared in the same way as 3c described above. 
Ethyl-5-(tert-butoxycarbonylamino)-1-(2-(2-methoxyethoxy)ethyl)-4-oxo-1,
4-dihydropyridine-3- carboxylate (5b) 
Yield: 1594 mg, 83%. 1H NMR (500 MHz, CDCl3) 
δ 8.21 (s, 1H), 8.04 (d, J = 2.3 Hz, 1H), 7.73 (s, 1H), 
4.17 (q, J = 7.1 Hz, 2H), 3.94 (t, J = 4.9 Hz, 2H), 
3.68 (t, J = 4.9 Hz, 2H), 3.44 (t, J = 4.9 Hz, 2H), 
3.34 (t, J = 4.9 Hz, 2H), 3.17 (s, 3H), 1.34 (s, 9H), 1.20 (t, J = 7.1 Hz, 3H). 13C 
NMR (125 MHz, CDCl3) δ 166.88, 164.20, 152.21, 142.20, 132.25, 123.18, 
112.75, 80.40, 71.36, 70.36, 69.08, 60.16, 58.50, 57.78, 27.72, 13.85. 




ylic acid (5a) 
Compound 5b (1152 mg, 3.00 mmol) was dissolved 
in ethanol (30 mL), to which concentrated H2SO4 













reaction was allowed to stir at room temperature for 18 hours. Then the reaction 
mixture was neutralized using saturated aquous solution of NaHCO3. The 
product was extracted with CH2Cl2 (10 x 50 mL). Combination of the organic 
layer and dried over anhydrous Na2SO4 to give the pure product 5c, which was 
directly used in the next step without further purification. Compound 5c was 
dissolved in dioxane/H2O (30 mL/10 mL) to which 1.0 M NaOH (6.00 mL, 6.00 
mmol) was added. The reaction was allowed to stir for 12 hours, which was then 
neutralized by addition of AcOH (1.00 mL). All of the solvent was removed in 
vacuo and CH2Cl2 (200 mL) was added. Collecting the solution by filtration and 
removal of the solvent in vacuo gave the crude product which was subjected to 
column purification (MeOH/CH2Cl2=1/40) to yield the pure product 5a as a 
white solid. Yield: 361 mg, 47%. 1H NMR (500 MHz, CDCl3/DMSO-d6=4/1) δ 
8.15 (d, J = 1.9 Hz, 1H), 7.27 (d, J = 1.8 Hz, 1H), 4.06 (t, J = 4.9 Hz, 2H), 3.74 
(t, J = 4.9 Hz, 2H), 3.51 (t, J = 4.9 Hz, 2H), 3.40 (t, J = 4.9 Hz, 2H), 3.24 (s, 3H). 
13C NMR (125 MHz, CDCl3/DMSO-d6=4/1) δ 169.66, 166.93, 139.05, 137.55, 
119.84, 110.73, 71.13, 70.02, 68.95, 58.31, 57.92. HRMS-ESI: calculated for 




 Yield: 1605 mg, 75%. 1H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H), 8.08 (d, J = 
2.3 Hz, 1H), 7.79 (s, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.97 (t, J = 4.9 Hz, 2H), 3.72 
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(t, J = 4.9 Hz, 2H), 3.53 -3.47 (m, 6H), 3.39 (t, J = 
4.9 Hz, 2H), 3.24 (s, 3H), 1.39 (s, 9H), 1.27 (t, J = 
7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 166.97, 
164.48, 152.40, 142.31, 132.47, 123.20, 112.94, 80.56, 71.49, 70.68, 70.25, 
70.22, 69.19, 60.39, 58.56, 57.98, 27.87, 13.99. HRMS-ESI: calculated for 
[M+Na]+ (C18H28O7N2Na)：m/z 451.2051, found: m/z 451.2071. 
 
6a was prepared in the same way as 5a described above. 
5-amino-1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-4-oxo-1,4-dihydropyridine
-3-carboxylic acid (6a) 
Yield: 477 mg, 53%. 1H NMR (500 MHz, CDCl3) δ 
15.74 (s, 1H), 8.17 (d, J = 2.3 Hz, 1H), 7.36 (s, 1H), 
4.52 (br, 2H), 4.07 (t, J = 4.9 Hz, 2H), 3.83 (t, J = 4.9 
Hz, 2H), 3.65 – 3.54 (m, 8H), 3.38 (s, 3H). 13C NMR 
(125 MHz, CDCl3) δ 170.57, 167.49, 139.45, 138.35, 120.47, 111.78, 71.92, 
70.67, 70.59, 70.46, 69.64, 58.82, 58.55. HRMS-ESI: calculated for [M-H]- 
(C11H15O5N2)：m/z 299.1249, found: m/z 299.1256. 
 
One-pot Preparation of Cyclic Pentamers: 
Pentamer 3  
Compound 3a (42.0 mg, 0.20 mmol) and BOP (176.8mg, 0.4 mmol) were 













was added and the reaction mixture was 
allowed to stirred continuously for 30 hours 
at room temperature. Removal of the solvent 
in vacuo gave the crude product, which was 
then washed with MeOH (3 x 3 mL) and 
DCM (3 x 3 mL) to yield the pure product 3 as a white solid. Yield: 9.6 mg, 25%. 
1H NMR (500 MHz, DMSO-d6, 110℃) δ 13.42 (s, 5H), 8.97 (s, 5H), 8.47 (s, 
5H), 4.03 (d, J = 7.0 Hz, 10H), 2.18 (td, J = 13.8, 6.9 Hz, 5H), 1.01 (d, J = 6.6 
Hz, 30H). 13C NMR (125 MHz, DMSO-d6, 110℃) δ167.83, 161.94, 140.75, 
131.45, 126.39, 113.92, 64.25, 28.46, 18.37. HRMS-ESI: calculated for [M+K]+ 
(C50H60O10N10K)：m/z 999.4125, found: m/z 999.4138. 
 
Pentamer 4  
Compound 4a (45.2 mg, 0.2 mmol) and 
BOP (176.8 mg, 0.4 mmol) were dissolved 
in anhydrous CH2Cl2 (6.0 mL) to which 
DIEA (0.14 ml, 0.80 mmol) was added and 
the reaction mixture was allowed to stirred 
continuously for 30 hours at room 
temperature. Removal of the solvent in vacuo gave the crude product, which was 
recrystallized from MeOH (20 mL) to yield the pure product 4 as a white solid. 






























(s, 5H), 8.91 (d, J = 1.5 Hz, 5H), 8.39 (d, J = 1.8 Hz, 5H), 4.35 (t, J = 4.8 Hz, 
10H), 3.86 (t, J = 4.8 Hz, 10H), 3.56 (q, J = 6.9 Hz, 10H), 1.17 (t, J = 6.9 Hz, 
15H). 13C NMR (125 MHz, CDCl3/DMSO-d6=1/9, 110℃) δ 167.82, 161.63, 
140.68, 131.39, 126.36, 114.06, 67.81, 65.21, 57.33, 13.84. HRMS-ESI: 
calculated for [M+K]+ (C50H60O10N10K)：m/z 1079.3871, found: m/z 1079.3912. 
 
 
Pentamer 2, 5, 6 and were prepared in the same way as 3 described above. 
Pentamer 5 
Yield: 4.8 mg, 10%. 1H NMR (500 
MHz, CDCl3/DMSO-d6=1/9, 
110℃) δ 13.29 (s, 5H), 8.94 (s, 
5H), 8.42 (s, 5H), 4.37 (t, J = 4.7 
Hz, 10H), 3.90 (t, J = 4.8 Hz, 10H), 
3.62 (t, J = 4.8 Hz, 10H), 3.48 (t, J 
= 4.8 Hz, 10H), 3.27 (s, 15H). 13C 
NMR (125 MHz, CDCl3/DMSO-d6=1/9, 110℃) δ 167.95, 161.76, 140.80, 
131.50, 126.41, 114.19, 70.73, 69.39, 68.71, 57.36, 57.32. HRMS-ESI: 




































Pentamer 6  
Yield: 9.0 mg, 16%. 1H NMR (500 
MHz, CDCl3/DMSO-d6=1/9, 
110℃) δ 13.09 (s, 5H), 8.77 (s, 
5H), 8.26 (s, 5H), 4.32 (t, J = 4.7 
Hz, 10H), 3.98 (t, J = 4.8 Hz, 10H), 
3.71 (t, J = 4.8 Hz, 10H), 3.64 (t, J 
= 4.8 Hz, 10H), 3.58 (t, J = 4.8 Hz, 
10H), 3.47 (t, J = 4.8 Hz, 10H),3.28 (s, 15H). 13C NMR (125 MHz, 
CDCl3/DMSO-d6=1/9, 110℃) δ 167.67, 161.22, 140.33, 131.25, 126.22, 113.98, 
70.86, 69.67, 69.33, 69.25, 68.75, 57.39, 57.31. HRMS-ESI: calculated for 
[M+K]+ (C50H60O10N10K)：m/z 1449.5710, found: m/z 1449.5750. 
 
Pentamer 7  
1H NMR (500 MHz, 
CDCl3/DMSO-d6=3/7, 85℃) δ 
12.85 (s, 5H), 8.85=4 – 8.69 (m, 
5H), 8.36 – 8.24 (m, 5H), 4.38 (s, 
6H), 4.18 (s, 4H), 3.97 (s, 6H), 
3.70 (s, 6H), 3.63 (s, 6H), 3.56 (s, 6H), 3.45 (t, J = 4.2 Hz, 6H), 3.25 (s, 9H), 
1.95 (s, 4H), 1.52 – 1.35 (m, 20H), 0.92 – 0.89 (m, 6H). HRMS-ESI: calculated 





































































1H NMR (500 MHz, CDCl3/DMSO-d6=3/7, 
85℃) δ 12.88 (s, 5H), 8.77 – 8.66 (m, 5H), 
8.29 – 8.18 (m, 5H), 4.36 (s, 2H), 4.16 (s, 
8H), 3.98 (s, 2H), 3.72 (t, J = 4.2 Hz, 2H), 
3.64 (t, J = 4.2 Hz, 2H), 3.56 (t, J = 4.2 Hz, 
2H), 3.45 (t, J = 4.2 Hz, 2H), 3.25 (s, 3H), 1.97 – 1.92 (m, 8H), 1.51 – 1.34 (m, 
40H), 0.91 (t, J = 6.2 Hz, 12H). HRMS-ESI: calculated for [M+K]+ 
(C69H98O12N10K)：m/z 1313.6946, found: m/z 1313.6977. 
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Ab Initio Molecular Modelling: 
All the calculations were carried out by utilizing the Gaussian03 program 
package1. The geometry optimizations were performed at the density functional 
theory (DFT) level, and the Becke’s three parameter hybrid functional with the 
Lee-Yang-Parr correlation functional (B3LYP)2 method was employed to do the 
calculations. The 6-31G*3,4 basis from the Gaussian basis set library has been 
used in all the calculations. All the trimers and hexamers were relaxed fully 
without any symmetry constraints. The harmonic vibrational frequencies and 
zero-point energy corrections were calculated at the same level of theory. Single 
point energy were obtained at the B3LYP level in conjunction with the 
6-311+G(2d,p) basis set with use of the above optimized geometries, i.e., 
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). 
 
1. Frisch, M. J. In Gaussian 03, Gaussian , Inc.; Wallingford CT, 2004. 
2. Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 
3. Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham, M. A.; Shirley, W. A.; Mantzaris, J. 
J. Chem. Phys. 1988, 89, 2193. 




Determination of Crystal Structures: 
Data were collected on a Bruker APEX diffractometer with a CCD detector and 
graphite-monochromated MoKα radiation using a sealed tube (2.4 kW) at 223(2) 
K. Absorption corrections were made with the program SADABS5 and the 
crystallographic package SHELXTL6 was used for all calculations. In the final 
least-squares refinement cycles on |F|2, the model converged at R1 = 0.1335, 
wR2 = 0.1924, GoF = 1.081 for 6245 (I ≥ 2σ(I)) reflections. 
 
5. Sheldrick, G. M.; SADABS Software for Empirical Absorption Corrections, University of 
Göttingen (Germany), 2000. 
6. SHELXTL Reference Manual, version 5.1, Bruker AXS, Analytical X-Ray Systems, Madison, 




1H NMR and 13C NMR Spectra of Major Compounds 
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1H NMR and 13C NMR Spectra of Major Compounds 
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